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SECTION  I 


INTRODUCTION 


Fastener  holes  are  regions  of  high  stress  concentration 
and  provide  the  primary  locations  for  initiation  and  growth  of 
fatigue  cracks  in  metallic  aircraft  structures  (Reference  1) . 

This  phenomenon  is  largely  responsible  for  limiting  the  durability 
and  economic  life  of  such  structures.  Durability  design  procedures 
incorporating  fracture  mechanic  analysis  methodologies  to  account 
for  the  effect  of  fatigue  cracks  appear  in  literature  (Reference  2) . 

The  fatigue  behavior  of  a  sample  of  supposedly  identical 
fastener  holes  is  extremely  variable,  indicating  that:  material, 
manufacturing,  and  assembly  quality  influence  the  initiation  and 
growth  of  cracks.  Only  recently  have  investigations  into  the 
effects  of  manufacturing  parameters  on  fatigue  life  of  fastener 
holes  been  pursued.  Koster  et  al .  (Reference  3)  investigated 
tapered  fastener  systems;  Moore  (Reference  4)  reported  on 
straight- shank  and  interference-fit  fastened  joints.  The  majority 
of  previous  studies  were  done  using  nonproduction  equipment  to 
prepare  the  specimens  and  fastener  holes.  This  program  is  a  com¬ 
prehensive  investigation  of  the  effect  of  manufacturing  and 
assembly  procedures  employed  in  aircraft  production  on  the  fatigue 
behavior  of  fastener  holes. 

The  program  initially  consisted  of  five  separate  tasks.  In 
Task  I,  the  influence  of  manufacturing  quality  on  the  fatigue  be¬ 
havior  of  straight- shank  drilled  and  drilled  and  reamed  holes  in 
aluminum  was  investigated  for  a  no-load  transfer  condition.  Task 
II  extended  the  investigation  of  fatigue  behavior  dependence  on 
manufacturing  and  assembly  procedures  to  the  low-load  transfer 
condition.  The  objective  of  Task  III  was  to  improve  the  life  of 
low- load  transfer  specimens  by  elimination  of  the  most  detrimen¬ 
tal  fatigue  mechanisms  established  in  Tasks  I  and  II.  The  first 
three  tasks  comprise  a  comprehensive  investigation  of  the  straight- 
shank-  fastened  joints  typical  of  aluminum  air  frame  structure. 

A  limited  investigation  of  interference  systems,  i.e.,  cold- 
worked  and  taper-lok  holes  in  aluminum,  was  performed  in  Task  IV. 

The  fatigue  behavior  of  straight-shank  fastener  holes  in  high- 
strength  steel  and  titanium  was  analysed  in  Task  V. 


1 


"Production  hole  quality",  a  term  encompassing  all 
manufacturing  and  assembly  parameters  affecting  fatigue  behavior, 
was  correlated  to  the  life  of  fastener  holes  using  the  Equivalent 
Initial  Flaw  Size  Concept  (EIFS)  defined  in  MIL-A-83444.  As  a 
result  of  the  extensive  data  base  accumulated  during  the  course  of 
this  program,  substantial  improvements  in  t-he  EIFS  analytical 
methodologies  were  realized.  Appendix  B  contains  a  compre¬ 
hensive  description  of  the  EIFS  concept,  its  application  to  the 
evaluation  of  hole  quality.  It  also  describes  how  the  EIFS 
approach  may  be  applied  to  the  initial  design  of  fastener  holes 
to  ensure  on  a  quantitative  basis  a  durable  airframe  structure. 
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SECTION  II 


PROGRAM  OBJECTIVES  AND  TECHNICAL  APPROACH 


The  primary  objective  of  this  program  was  to  establish  the 
cause  of  variation  in  fatigue  life  of  metallic  structure  contain¬ 
ing  fastener  holes  and  to  provide  methods  for  controlling  the  life 
of  individual  fastener  holes  during  their  manufacture.  In  order 
to  provide  a  quantitative  basis  for  correlation  of  the  fatigue 
life  to  the  manufactured  quality,  a  fracture  mechanics  approach 
for  life  prediction  was  employed. 

The  technical  approach  selected  for  this  program  is  shown 
in  Figure  2-1.  Fastener  holes  were  fabricated  in  coupon  test 
specimens  by  use  of  hand-held  automatic  processes  and  tooling 
representative  of  that  used  in  actual  production.  These  fastener 
holes  were  then  totally  characterized  by  five  state-of-the-art 
nondestructive  inspection  (NDI)  techniques.  Following  this  surface/ 
dimensional  characterization,  straight- shank,  protruding-head 
fasteners  were  installed  and  the  coupons  were  fatigue  tested. 
Realistic  crack  growth  data  was  ensured  through  fatieue  testing  with 
an  F-16  or  a  bomber  load  history. 

Upon  completion  of  coupon  fatigue  testing,  the  crack  growth 
behavior,  i.e.,  crack  growth  curves,  was  established  for  each 
fatigue  crack.  These  crack  growth  curves  were  analytically  back¬ 
tracked  to  establish  the  equivalent  initial  flaw  size  (EIFS) ,  a 
fictitious  size  of  a  flaw  existing  at  the  time  of  manufacture  within 
the  fastener  hole.  These  flaws  ideally  grow  from  the  application 
of  the  first  load  and  follow  the  analytical  crack  growth  curve. 

The  EIFS  and  NDI  results,  having  been  established  for  each 
specimen  tested,  were  compared.  Correlations  were  to  provide  an 
inspection-based  means  by  which  the  EIFS  could  be  monitored  during 
manufacture.  This  objective  was  revised  so  the  fatigue  life  of 
structure  containing  holes  could  be  extended  through  procedural 
control  of  hole  production  techniques.  EIFS  distributions  were 
obtained  for  the  various  processes,  allowing  relative  evaluation  of 
those  processes  to  be  performed  accurately  or  with  a  minimum  amount 
of  effort. 

Those  processes  found  to  produce  the  best  hole  quality,  i.e., 
the  longest  fatigue  lives,  were  introduced  and  implemented  in 
production.  At  this  time  these  changes  are  producing  manufactured 
fastener  holes  at  no  increase  in  cost  with  a  substantial  increase 
in  the  durability  of  aluminum  aircraft  structure. 
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Figure  2-1  Flow  Chart  Showing  Technical  Approach 


2.1  MATERIAL  SELECTION  AND  SPECIMEN  FABRICATION 


The  material  selected  for  Tasks  I,  II  and  III  was  7475-T7351 
aluminum.  This  alloy  is  extensively  used  in  fracture  and  dura¬ 
bility  critical  areas  of  the  F-16,  such  as  the  lower  wing  skins. 
Coupon  specimens  were  fabricated  from  three  lots  of  production 
stock.  Mechanical  properties  were  obtained  for  each  lot  to 
assure  that  F-16  production  specifications  were  equalled  or 
exceeded . 

Specimens  were  designed  for  two  conditions:  no-load  transfer, 
(Task  I)  and  low- load  transfer  (Tasks  II  and  III) .  The  no-load 
transfer  specimens,  Figure  2-2, are  a  standard  dog-bone  configuration 
with  a  reduced  mid-section  and  constant  width  and  thickness  in  the 
gage  areas.  Single  fastener  holes  were  drilled  in  these  specimens 
and  filled  with  straight-shank,  protruding-head  NAS  6204-7  fasteners. 
These  fasteners  were  used  throughout  the  program.  Both  nut  and 
head  ends  of  the  fasteners  received  steel  washers. 

The  low- load  transfer  specimens,  Figure  2-3,  were  designed  to 
achieve  15%  load  transfer.  This  level  of  load  transfer  and  design 
approach  is  representative  of  the  F-16  lower  wing  skin.  The 
reversed  double  dog-bone  geometry  closely  follows  MIL-STD-1312 
standard  load- transfer  specimens.  Both  fastener  holes  in  this 
specimen  geometry  were  nominally  a  0 . 250- in. diameter ,  as  were  those 
in  no-load  transfer  specimen. 

Two  hole-manufacturing  methods  were  employed  to  produce  the 
fastener  holes  in  Tasks  I  and  II.  Both  hole  preparation  techniques 
were  hand-held  automatic  equipment  producing  different  classes  of 
holes.  Clearance  fit  holes  of  0.250-in.  -  0.253-in.  diameter 
were  produced  by  use  of  the  Winslow  Spacematic  Model  HS-1,  Figure 
2-4.  The  Spacematic  is  pneumatically  driven  with  pneumatic  over 
hydraulic  pressure  for  feed  rate  control  and  retraction.  This  is 
a  single-step  drilling  process. 

Transition  fit  holes  of  0.2500-in.  -  0 . 2507-in.  diameter  were 
produced  by  a  two-step  drill  and  ream  process  using  the  Quacken- 
bush  QDA-100.  This  unit  is  pneumatically  powered  with  feed  rate 
mechanically  controlled.  Both  Spacematic  and  Quackenbush  units 
require  tooling  to  accurately  control  hole  location.  The  tooling 
used  in  this  study  was  representative  of  that  used  on  the  F-16 
production  line,  as  well  as  those  operators  of  the  drilling 
equipment . 
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Figure  2-2  No-Load  Transfer  Specimen  Geometry 
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Figure  2-3  Low-Load  Transfer  Specimen  Geometry 
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Figure  24  Winslow  Spacematic  Drilling  Equipment 


In  order  to  better  evaluate  these  two  conventional  processes, 
a  variable  was  introduced  in  the  manufacturing  state  of  the  fastener 
holes  -  improper  drilling  or  drilling  and  reaming.  Improper  or 
abusive  techniques  were  process  deviations  that  would  not  generally 
be  observed  or  tolerated  on  a  production  line.  The  processes 
included  the  use  of  intentionally  dulled  cutters,  inadequate 
pneumatic  line  pressure,  presence  of  titanium  or  steel  chips, 
and  extremely  dirty  cutting  tools,  i.e.,  built-up  edges.  The 
purpose  of  the  improper  techniques  was  to  bring  out  rogue  flaws 
or  gross  geometrical  discontinuities. 


2.2  NON-DESTRUCTIVE  INSPECTION 

Surface  integrity  and  non  destructive  techniques  were  used 
to  characterize  every  hole  subjected  to  cyclic  loading.  The 
techniques  used  were: 

(1)  Eddy  Current 

(2)  Ultrasonics 

(3)  Rotary  Proficorder  (Dial  Bore  Gauge) 

(4)  Linear  Proficorder 

(5)  Rubber  Cast 

The  techniques  utilized  were  those  having  the  potential  of  being 
used  in  the  production  environment  with  demonstrated  quantitative 
and  repeatability  measurements. 

Comparisons  were  made  between  NDI  parameters  as  measured  by 
the  different  inspection  techniques  and  EIFS .  Correlations  were 
attempted  in  order  to  identify  holes  with  poor  fatigue  life  from 
NDI  data.  A  master  list  was  developed  to  record  the  NDI  reading 
for  each  technique,  the  specimen  number,  the  fastener  hole  number, 
angular  position,  and  depth  from  the  surface. 


2.3  SPECIMEN  TESTING/LOAD  HISTORIES/TEST  PLAN 

The  fatigue  testing  of  all  coupon  specimens  was  performed 
using  six  servo-controlled,  hydraulically  actuated,  closed-loop- 
feedback  load  frames.  Representative  results  were  assured  through 
the  use  of  computer-generated  loads  spectra,  which  were  independ¬ 
ently  controlled  at  each  load  frame.  Real-time  strip-chart 
recorders  allowed  computer  command  signals  to  be  followed  to  within 
a  +1 . 0%  accuracy . 
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Spectrum  testing  was  performed  using  either  a  fighter 
or  bomber  spectra.  The  fighter  load  history  used  was  the  F-16 
400-hour  block  randomized  wing-root  bending  spectrum.  This  load 
history  was  a  preliminary  development  spectrum  and  is  more 
severe  relative  to  the  actual  F-16  durability  load  history. 
Testing  was  carried  out  for  two  equivalent  lives  for  the  fighter, 
or  16,000  flight  hours.  The  bomber  load  history  used  was  the  B-l 
or  AMAVS  (Advanced  Metallic  Air  Vehicular  Structure)  spectra, 
developed  at  General  Dynamics  Fort  Worth  Division.  An  equivalent 
of  three  lives,  or  3840  flights,  was  the  point  at  which  testing 
was  truncated. 


2 . 4  FRACTOGRAPHY 

Following  fatigue  testing  the  largest  crack  in  each  coupon 
was  exposed  by  application  of  a  tensile  overload.  Crack  growth 
behavior  of  these  cracks  was  then  determined  using  optical  fracto- 
graphic  techniques.  Crack  growth  curves  were  established  from 
the  maximum  crack  length  to  below  0.005  inch  for  all  specimens. 

This  means  of  producing  crack  growth  histories  was  very  accurate 
and  reproduceable ,  yielding  consistant  empirical  results. 

2.5  CRACK  GROWTH  ANALYSIS 

On  completion  of  fatigue  testing  a  data  generation-synthesis 
task  was  initiated.  First  crack  growth  analyses  were  produced  to 
match  as  closely  as  possible  the  empirical  crack  growth  behavior 
of  the  fastest  growing  crack  of  each  test  series.  This  analysis 
was  performed  in  an  iterative  manner  using  an  in-house  computer 
routine  (CGR,  Crack  Growth  Rate) .  The  crack  growth  analyses 
routine  makes  use  of  the  Forman  crack  growth  equation  in  conjunction 
with  the  Wheeler  retardation  model.  Best  fits  to  the  empirical 
data  were  achieved  by  varying  the  amount  of  retardation.  Other 
variables  of  importance  are  listed  in  Table  2-1.  The  ability  to 
analytically  fit  empirical  crack  growth  data  in  a  concise  and 
regular  manner  produced  several  desirable  results,  the  most  obvious 
of  which  was  the  consistency  of  the  Equivalent  Initial  Flaw  Size 
data,  to  be  presented  later. 

2.6  EQUIVALENT  INITIAL  FLAW  SIZE  CONCEPT 

The  fatigue  behavior  of  every  specimen  tested  in  this  program 
was  quantified  using  the  Equivalent  Initial  Flaw  Size  (EIFS) 
approach.  The  EIFS  method,  specified  in  MIL-STD-83444A  (Reference 
5) ,  is  a  means  of  measuring  and  possibly  characterizing  the  economic 
life  of  structures  having  fastener  holes.  As  shown  in  Figure  2-5 
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Figure  2-5  Schematic  Showing  Fatigue  Lives  of  Two  Fastener  Holes  Having  Different  EIFS 


the  EIFS  is  that  pseudo  fatigue  crack  assumed  to  be  present  in  a 
fastener  hole  at  time  zero,  or  prior  to  putting  a  structure  into 
service.  Under  the  spectrum  fatigue  loading  encountered,  the 
fatigue  crack  exhibits  the  crack  growth  behavior  shown.  The 
economic  limit  is  described  as  that  service  life  duration  required 
for  the  crack  to  reach  a  depth  of  0.030  inch. 

Fatigue  crack  depth  at  the  end  of  one  life  is  directly  pro¬ 
portional  to  the  EIFS  of  a  fastener  hole  as  shown  in  Figure  2-5. 

A  population  of  fastener  holes  possesses  a  range  of  EIFS  values 
that  will  govern  the  final  crack  depths  at  the  end  of  the  design 
service  life  of  the  structure. 

The  EIFS  for  the  largest  fatigue  crack  in  each  specimen 
tested  was  established  by  matching  the  fractographic  crack  growth 
data  to  an  analytical  curve.  Typically,  fractographic  methods 
are  not  able  to  track  crack  growth  histories  below  crack  depths  of 
0.001  -  0.01  inch.  The  lower  limit  is  dependent  on  the  amount  of 
wear  occurring  at  the  crack  tip,  which  obscures  fatigue  striation 
bands.  EIFS  values  obtained  in  this  program  were  characteristically 
in  the  range  of  0.0001  -  0.005  inch.  As  a  result,  the  analytical 
curves  had  to  be  regressed  to  smaller  initial  crack  dimensions. 

EIFS  values  were  obtained  for  each  fatigue  crack  in  a  sample 
of  specimens  using  a  single  analytical  curve,  described  below.  All 
specimens  in  a  sample  were  tested  with  either  a  fighter  or  a 
bomber  load  history  at  one  selected  maximum  spectrum  stress  level. 
The  behavior  of  fatigue  cracks  obtained  for  any  given  sample  should 
scatter  in  the  growth  rate  as  well  as  the  time  to  crack  initiation. 
Typical  behavior  showing  the  amount  of  scatter  is  seen  in  Figure 
2-6  for  drilled  and  reamed  fastener  holes.  The  five  specimens 
whose  fractographic  curves  are  plotted  indicate  the  range  of 
crack  growth  behavior  occurring  for  38  specimen  tested. 

Selection  of  a  simple  analytical  curve  for  determination  of 
individual  EIFS  values  for  each  specimen  was  made  using  well- 
defined  criteria.  An  analytical  curve  was  grown  so  as  to  define  a 
conservative  bound,  as  seen  in  Figure  2-7,  to  the  fastest  growing 
crack  in  a  sample  of  specimens,  over  as  large  a  range  of  crack 
depth  as  possible.  The  EIFS  for  each  specimen  was  obtained  by 
matching  the  analytical  crack  growth  to  each  fractographic  crack 
growth  history  using  regression  analysis  to  obtain  the  best  fit. 

The  analytical  and  fractographic  curves  were  matched  between  crack 
depths  of  0.01  -  0.05  inch.  The  crack  depth  value  of  the 
analytical  curve,  corresponding  to  time  zero  for  each  fractographic 
crack  growth  history,  was  the  EIFS  value  for  that  fastener  hole. 

An  EIFS  value  was  obtained  for  every  specimen  in  a  sample. 
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Figure  2-7  Selection  of  a  Single  Analytical  Curve  for  a  Sample  of  Fractographic  Crack  Growth  Histories 
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SECTION  III 


TASK  I  NO-LOAD  TRANSFER  RESULTS 


The  overall  objectives  of  this  task  were  the  investigation 
of  the  effects  of  hole  quality  on  fatigue  performance  using  no- 
load  transfer  specimens  with  filled  fastener  holes.  Surface- 
integrity  and  non-destructive  techniques  were  used  to  completely 
characterize  every  fastener  hole  prior  to  subjection  to  cyclic 
loading,  thus  allowing  the  potential  of  each  technique  for  automated 
inspection  and  characterization  to  be  evaluated. 

A  total  of  200  specimens  were  fabricated  and  fatigue  tested  in 
this  task.  Hole  fabrication  processes  and  load  histories  employed  for 
fatigue  testing  are  shown  in  Table  3-1.  The  specimens  were  evenly 
divided  between  fighter  and  bomber  load  histories  and  the  hole  fab¬ 
rication  process  respectively. 

The  results  of  coupon  fatigue  listing  for  all  tasks  will  be 
presented  as  cumulative  probability  versus  equivalent  initial  flaw 
size  or  crack  depth  at  a  given  life  interval.  This  is  a  means 
of  data  representation  for  an  entire  test  condition  and  should  be 
interpreted  as  shown  in  the  following  examples.  If  the  mean  EIFS 
value  for  a  given  test  condition  is  0.0005  inch,  then  50%  of  all 
the  EIFS  values  will  be  equal  to  or  less  than  this  value.  On  the 
other  hand,  a  99%  cumulative  probability  for  an  EIFS  of  0.001  inch 
would  imply  that  99%  of  the  EIFS  values  would  be  equal  to  or  less 
than  0.001  inch.  If  this  structure  contained  100  holes,  then  only 
1%. ,  or  1  hole,  would  have  an  EIFS  greater  than  0.001  inch. 


3.1  FIGHTER  SPECTRUM 
3.1.1  Clearance-Fit  Fastener  Holes 

Results  presented  for  the  no-load  transfer  condition  reflect 
general  trends  observed  throughout  the  data  collection  phase. 
Cumulative  distributions  for  both  EIFS  and  crack  depths  will  tend 
to  be  lower  for  the  clearance-fit  fastener  hole  with  respect  to 
transition-fit  fastener  holes.  This  trend  is  shown  in  Figures 
3-1  and  3-2,  where  the  EIFS  and  crack  depths  at  one  life  are  plotted 
for  drilled  clearance-fit  fastener  holes,  and  drilled  and  reamed 
transition-fit  fastener  holes.  Note  that  in  both  cases  the  mean,  or 
50-percentile  values  are  greater  for  the  transition-fit  fastener 
holes . 


ALLOY:  7475— T7351  ALUMINUM.  HOLE  DIAMETER:  0.250  INCHES  NOMINAL. 

MAXIMUM  SPECTRUM,  (i)  FIGHTER  =  34  ksi 

STRESS  (GROSS):  (ii)  BOMBER  =  33  ksi  (BASELINE  WITH  EXCEPTIONS  NOTED) 
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Table  3-1  SUMMARY  OF  TEST  CONDITIONS  (Cont'd) 
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Figure  3-1  EIFS  for  Drilled  and  Drilled  and  Reamed  Holes 


19 


CRACK  DEPTH  (INCHES) 


.1000 

9 

8 

7 

6 

5 


•  DRILLED  HOLES 
o  DRILLED  AND  REAMED  HOLES 

FIGHTER  LOAD  HISTORY 

MAX  SPECTRUM  STRESS;  34  KSI  (GROSS) 
NO-LOAD  TRANSFER 

% 

o 

o 

o 

oc*P°  « 

o  • 

(J> 

o 

cP  • 

• 

• 

•• 

0 

r 

c 

< 

> 

<SP 

► 

o°. 

c* 

o  • 

••• 

< 

o 

o  < 

u 

• 

> 

• 

• 

0 

• 

.0100 

9 

8 

7 

6 

5 


.0010 

9 

8 

7 

6 

5 

4 


.0001 


0.1  0.5  2  10  50  90 

CUMULATIVE  PROBABILITY 


98  99.5  99.9 


Figure  3-2  Crack  Depth  at  One  Life  for  Drilled  and  Drilled  and  Reamed  Holes 
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The  effect  of  improperly  or  abusively  drilled  fastener 
holes  is  shown  in  Figures  3-3  and  3-4.  In  both  cases,  the  mean 
EIFS  and  crack  depth  values  for  the  improperly  drilled  fastener 
holes  lie  at  twice  that  of  the  properly  drilled  fastener  holes. 

The  upper-extreme  values  approach  each  other,  making  two  impli¬ 
cations.  First,  the  worst-case  properly  drilled  fastener  hole 
is  no  better  than  the  worst-case  improperly  drilled  hole.  Second, 
the  fatigue-crack  initiating  mechanism  for  both  extreme  cases  is 
possibly  the  same. 


3.1.2  Transition-Fit  Fastener  Holes 

The  transition-fit  fastener  holes,  as  previously  mentioned, 
were  fabricated  using  a  two-step  drill  and  ream  operation.  These 
fastener  holes  behaved  approximately  the  same,  as  shown  in  Figures 
3-1  and  3-2,  in  fatigue  as  the  clearance-fit  fastener  holes. 

The  behavior  of  transition-fit  fastener  holes  produced  using 
proper  and  improper  techniques  are  shown  in  Figures  3-5  and  3-6. 

Both  EIFS  and  crack  depth  at  one  life  show  essentially  no  difference 
between  the  proper  and  improper  techniques.  It  is  also  noted  that 
the  slopes  for  both  proper  and  improper  techniques  are  the  same, 
implying  that  the  same  width  distributions  apply  to  both  procedures . 


3.2  BOMBER  SPECTRUM 
3.2.1  Clearance-Fit  Fastener  Holes 

Coupon  fatigue  testing  was  conducted  under  both  the  F-16 
fighter  and  B-l  bomber  spectra,  as  previously  mentioned.  The  EIFS 
distributions  for  clearance-fit  fastener  holes  using  these  two 
spectra  are  shown  in  Figure  3-7.  Differences  occurring  in  the 
slopes  reflect  the  relative  sizes  of  the  distributions.  Thus  the 
EIFS  values  are  stress  sensitive  and  spectrum  dependent.  Lower 
EIFS  values  for  those  specimens  tested  using  the  bomber  spectrum 
should  not  be  considered  to  be  of  better  "quality"  than  those 
specimens  tested  with  the  fighter  spectrum. 

The  EIFS  and  crack  depth  values  are  compared  for  properly 
and  improperly  drilled  clearance-fit  fastener  holes  in  Figures  3-8 
and  3-9  respectively.  A  slightly  lower  EIFS  distribution  is  observed 
for  the  properly  drilled  fastener  hole  compared  to  the  improperly 
drilled  fastener  hole.  The  distributions  are  more  widely  separated 
in  Figure  3-9  for  the  crack  depths  at  one  life.  This  behavior  is 
slightly  anomalous  compared  to  other  similar  data,  as  for  example 
in  Figures  3-3  and  3-4,  where  the  crack  depth  and  EIFS  distribu- 
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Figure  34  Crack  Depth  at  One  Life  for  Properly  and  Improperly  Drilled  Holes 
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Figure  3-5  EIFS  Distributions  for  Properly  and  Improperly  Drilled  and  Reamed  Holes 
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Figure  3-6  Crack  Depth  at  One  Life  for  Properly  and  Improperly  Drilled  and  Reamed  Holes 
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Figure  3-7  EIFS  Distributions  for  Fighter  and  Bomber  Load  Histories 
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Figure  3-8  EIFS  for  Properly  and  Improperly  Drilled  Holes 
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Figure  3-9  Crack  Depth  at  One  Life  for  Properly  and  Improperly  Drilled  Holes 
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tions  show  similar  behavior.  Such  uniform  behavior  was  ob¬ 

served  throughout  this  investigation. 


3.2.2  Transition-Fit  Fastener  Holes 

Figures  3-10  and  3-11  show  EIFS  and  crack  depth  distributions 
respectively  for  proper  and  improperly  drilled  and  reamed  fastener 
holes  fatigue  tested  with  the  bomber  spectrum.  The  distributions 
for  the  proper  and  improper  processes  are  nearly  identical.  These 
results  are  not  unexpected  when  compared  to  the  behavior  of  the 
transition-fit  fastener  holes  tested  using  the  fighter  spectrum. 

In  comparison  the  mean  crack  depth  at  one  life  is  approximately 
the  same  value  for  transition- and  clearance-fit  holes.  The 
extremal  values,  or  the  durability  critical  holes,  which  are  of 
the  most  importance  structurally,  tend  to  spread.  Thus,  the 
transition- fit  crack  depths,  as  shown  in  Figure  3-12,  at  cumulative 
probabilities  of  98%  show  values  approaching  twice  those  of  the 
clearance  fit  holes .  Magnification  of  this  tendency  is  seen  in 
Figure  3-13,  where  transition-fit  crack  depths  at  two  lives  are 
approximately  three  times  those  values  for  clearance-fit  fastener 
holes . 


3.3  NDE  RESULTS  (TASK  I) 

All  specimens  in  Task  I  were  examined  by  five  NDE  techniques . 
From  these  results,  correlations  were  attempted  between  parameters 
such  as  dimensional  tolerance  parameter,  maximum  eddy-current 
amplitude  at  critical  orientations,  etc.,  as  a  function  of 
equivalent  initial  flaw  size  (EIFS) . 


3.3.1  Eddy  Current 

Eddy  current  scans  were  taken  of  all  fastener  holes  in  Task  I. 
Orientation  of  the  specimens  with  respect  to  the  eddy  current 
probe  was  documented.  Shown  in  Figures  3-14,  3-15,  and  3-16  are 
plots  of  the  maximum  eddy-current  amplitude  versus  EIFS.  Little  or 
no  correlation  was  found  between  the  two  parameters.  The  only  set 
of  specimens  where  some  correlation  was  obtained  was  for  the 
improperly  drilled  fastener  holes.  In  this  case,  gross  discontinuities 
were  often  present,  which  caused  large  eddy  current  signals.  An 
example  of  an  eddy  current  scan  from  a  hole  with  a  large  vertical 
scratch  is  shown  in  Figure  3-17.  However,  in  many  cases,  the 
primary  fatigue  crack  origins  were  due  to  shallow  vertical  scratches 
that  were  undetected  with  eddy  current,  Figure  3-18. 
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Figure  3-1 1  Crack  Depth  at  One  Life  for  Properly  and  Improperly  Drilled  and  Reamed  Holes 
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Figure  3-12  Crack  Depth  at  One  Life  for  Drilled  and  Drilled  and  Reamed  Holes 
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Figure  3-13  Crack  Depth  at  Two  Lives  for  Drilled  and  Drilled  and  Reamed  Holes 


33 


EIFS  (INCHES) 


3 


2 


0.001 
9 
8 
7 

6 
5 

4 

3 

2 


0.0001 


1 

— 

FIGHTER  LOAD  HISTORY 
NO-LOAD  TRANSFER 
DRILLED  HOLES 

• 

( 

> 

t 

i 

) 

< 

< 

i 

> 

< 

i 

< 

i 

► 

i 

> 

0  1.0  2.0  3.0  4.0  5.0  6.0 


MAX.  EDDY  CURRENT  AMP  AT  CRITICAL  ORIENTATIONS  (cm) 
Figure  3-14  Eddy  Current  Signal  Amplitude  versus  EIFS 
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Figure  3-15  Maximum  Eddy  Current  Amplitude  versus  EIFS,  Drilled  and  Reamed  Holes 
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Figure  3-16  Maximum  Eddy  Current  Amplitude  versus  EIFS,  Improperly  Drilled  and  Drilled  and  Reamed  Holes 
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Figure  3-17  Correlation  of  Eddy  Current  Inspection  to  EIFS 
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Cl  Figure  3-18  Correlation  of  Inspection  to  Hole  Quality  (Large  EIFS) 


Variations  in  hole  dimensions,  such  as  out-of-roundness 
(00R)  and  tapering,  can  be  monitored  with  eddy  current  meas¬ 
urements  if  lift-off  effects  are  not  minimized.  Eddy  current 
amplitudes  were  found  to  correlate  with  hole  00R.  The  effect 
of  00R  on  the  eddy  current  amplitude  can  be  observed  in 
Figure  3-19.  A  corresponding  plot  of  eddy  current  amplitude 
as  a  function  of  00R,  as  measured  with  a  dial  bore  gauge,  is 
shown  in  Figure  3-20.  A  larger  hole  out-of-roundness  produces 
more  lift-off,  thus  causing  a  larger-amplitude  eddy-current 
signal . 

In  a  manner  similar  to  that  used  for  monitoring  out-of- 
roundness,  eddy  current  techniques  can  also  be  used  to  moni¬ 
tor  surface  finish  in  fastener  holes,  Figure  3-21.  If  lift¬ 
off  is  not  completely  minimized,  the  eddy  current  signal  is 
more  sensitive  to  a  rougher  surface,  thus  causing  a  larger  am¬ 
plitude  signal. 


3.3.2  Dial  Bore  Gauge 

From  the  dial  bore  gauge  readings,  a  dimensional  toler¬ 
ance  parameter  was  derived  for  correlation  to  the  EIFS  of  the 
fastener  holes.  Again,  no  correlation  was  obtained  between 
these  two  parameters  for  no-load  transfer  specimens,  Figures 
3-22,  3-23,  3-24,  and  3-25.  No  correlation  was  obtained  be¬ 
tween  diameters  measured  and  final  crack  depth.  This  data  is 
shown  in  Figure  3-26  for  holes  drilled  by  the  Winslow  techni¬ 
que. 

3.3.3  Rotary  Proficorder 

Polar  plots  were  obtained  on  all  Task  I  specimens  from 
scans  taken  with  the  rotary  attachment  to  a  Bendix  proficorder 
In  general,  the  drilled  holes  showed  larger  surface  irregular¬ 
ities  than  the  reamed  holes.  Again,  no  direct  correlation 
could  be  obtained  from  polar  plots  and  EIFS,  Table  3-2.  The 
total  surface  profile  of  the  improved  drilled  holes  indicated 
better  hole  quality  compared  to  conventionally  drilled  holes , 
Figure  3-27. 


3.3.4  Linear  Proficorder 

Typical  linear  proficorder  traces  of  no-load  transfer  speci¬ 
mens  are  shown  in  Figure  3-28.  Some  of  the  holes  showed  large 
gross  defects,  such  as  those  in  Figure  3-29.  However,  little  or  no 
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Table  3-2  DEPTH  OF  LARGEST  FLAWS  FROM  POLAR  PLOTS  FOR  NO-LOAD  TRANSFER 
DRILLED  SPECIMENS 


SPECIMEN 

NO. 


DEPTH  OF  LARGEST  FLAW  AT 
THE  CRITICAL  ORIENTATIONS 
FROM  POLAR  PLOTS  (  pIN.)* 


NO-LOAD  TRANSFER  SPECIMEN 
FIGHTER  LOAD  SEQUENCE 
EIFS  (IN.) 


7  <  100 

.00121 

8 

100 

.000907 

9 

100 

.00109 

10 

100 

.000631 

11 

100 

.00216 

12 

100 

.000605 

13 

100 

.000665 

14 

100 

.000732 

15 

100 

.00205 

16 

100 

.00122 

17 

100 

.000599 

18 

100 

.000798 

19 

100 

.000643 

20 

100 

.000460 

21 

100 

.00122 

22 

100 

.000638 

23 

125 

.000762 

24 

100 

.000521 

25 

100 

.000676 

26 

100 

.000418 

27 

100 

.000372 

28 

100 

.000396 

29 

100 

.000542 

30 

100 

.000424 

31 

100 

.000537 

32 

100 

.000712 

33 

100 

.000467 

34 

100 

.000635 

35 

250 

.000642 

36 

100 

.000418 

37 

100 

.000457 

38 

100 

.000518 

39 

100 

.000489 

40 

100 

.000489 

41 

100 

.000265 

42 

100 

.000132 

43  2 

5  100 

.000214 

^Inspection  Resolution  Limited  to  100  yin. 
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Figure  3-1 9  Effect  of  Hole  0ut‘Of_Roundness  on  the  Eddy  Current  Amplitude 
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Figure  3-21  Effect  of  Surface  Roughness  in  Fastener  Holes  on  the  Eddy  Current  Signal 
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Figure  3-22  Dimensional  Tolerance  Parameter  versus  EIFS  for  Drilled  Holes,  Fighter  Load  History 
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Figure  3-23  Dimensional  Tolerance  Parameter  versus  EIFS  for  Drilled  and  Reamed  Holes,  Fighter  Load  History 
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Figure  3-24  Dimensional  Tolerance  Parameter  versus  EIFS  for  Drilled  Holes,  Bomber  Load  History 
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Figure  3-25  Dimensional  Tolerance  Parameter  versus  EIFS  for  Drilled  and  Reamed  Holes,  Bomber  Load  History 
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FINAL  CRACK  DEPTH  (Inches) 


Figure  3-26  Final  Crack  Depth  vs.  Average  Hole  Diameter  for  Holes  Drilled  by  the  Winslow  Technique 
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RANGE  .251 5"  -  .253"  251  5"  -  .256" 

H  .2518"  .2524" 

t<TT  .0003"  .0007" 
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Figure  3-28  Linear  Proficorder  Scans  Showing  Total  Surface  Profile  for  Two  Quackenbush  Properly  Drilled  Holes 
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Figarc  1-29  Liaear  Prafkanler  Scat  Sfcoaaag  Tatal  Surface  Profile  far  Two  Mfiadaar  laiproperty  Drilled  Hate 
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SURFACE  ROUGHNESS  (^Inch)  A.A. 


correlation  could  be  obtained  between  these  defects  and  EIFS 
or  surface  roughness  and  EIFS,  Figure  3-30.  Good  agreement 
was  obtained  by  the  different  NDE  techniques  in  identifying 
defects  such  as  wide  grooves,  Figure  3-31.  One  of  the  dis¬ 
advantages  of  the  linear  proficorder  trace  was  that  the  scan  was 
made  parallel  to  the  thickness  in  the  3  o'clock  and  9  o'clock 
orientations.  Consequently,  small  vertical  scratches  lying 

parallel  to  the  direction  of  scanning  were  missed. 

••  j  !  - - - 


3.3.5  Ultrasonics 


From  the  ultrasonics  data,  the  reflected  ultrasonic  signal 
amplitude  was  used  for  correlation  to  the  ElFS  of  the  fastener 
holes.  Shown  in  Figure  3-32  are  the  results  obtained  for  no-load- 
transfer  drilled  specimens  exposed  to  a  fighter  load  history. 
Again,  no  correlation  was  obtained  between  the  two  parameters. 

Only  the  larger  gross  defects,  such  as  found  in  a  double-drilled 
hole,  could  be  resolved  with  ultrasonics,  Figure  3-33. 


J  !  ao 

3.4  SCANNING  ELECTRON  MICROSCOPE  INVESTIGATION 

£2  <  V  9 

Original  program  objectives  required  hoTe  quality  to  be 
monitored. 'during  manufacture  by  NDI-base"d  techniques.  As  previously 
mentioned,  there  existed  no  correlation  between  EIFS  or  fatigue  life 
with  NDI  results.  ''There  also  existed  unexplained  anomalous  behavior 
of  transition- fit  relative  to  clearance-fit  fastener  holes  -  mainly 
that  the  EIFS  and  crack- depth  cumulative  probability  distributions 
were  lower  for  clearance-fit  than  transition-fit  fastener  holes. 

This  lack  of  correlation  and  the  anomalous  behavior  precipitated 
the  scanning  electron  microscope  (SEM)  investigation. 

UP 


The  presence  of  this  defect  served  to  explain  the  lack  of 
correlation  of  NDI  to  fatigue  behavior  and  the  anomaly  of  longer 

life  for  drilled-  and-drilled  and  reamed  holes  ." 

r*  Ui  H,  i> 

?»  o  ,  f  * 

*?>  • 

Figures  3-34  and  3-35  show  the  morphology  of  a  scratch  in  the 

bore  of  a  clearance-fit  and  transition-fit' ..fastener  holes,  respec¬ 
tively.  In  both  cases  the  fatigue  crack  initiated  at  axial  scratches. 
The  cause  of  the  axial  scratches  was  isolated  and  traced  back  to  the 
actual  hola  production  equipment. 

»  !  2 
The  drilling  equipment  used  to  produce  clearance-fit  fastener 
holes  was  modified  to  alleviate  the  cause  of  the  axial  scratches. 
Results  ofcthese  modifications  are  shown  in  Figure  3-36.  There  are 
two  prominent  featur.es  in  these  micrographs  -  the  absence  of  axial 
scratches  and  point-source  initiation  of  fatigue  cracks. 
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SPECIMEN  WIB-3,  EIFS=0.00032  INCHES 

Figure  3-33  Reflected  Ultrasonic  Waveforms  Showing  the  Effect  of  a  Double-Drilled  Hole  on  the  Reflected  Waveform 
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Figure  3-34  Morphology  of  a  Scratch  -  Properly  Drilled  Fastener  Hole  (Large  EIFS) 
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Fipire  3-35  Fatigue  Crack  Initiating  from  a  Scralcn  in  a  Drilled  and  Reamed  Fi 


59 


3.5  IMPROVED  DRILLING 


Modifications  made  to  the  Winslow  Spacematic  drilling 
equipment  were  introduced  into  Task  I.  The  objective  to 
increase  the  fatigue  life  of  a  structure  containing  fastener 
holes  was  attempted  through  close  control  of  the  drilling 
process.  The  improved  drilling  specimens  were  tested  using 
the  most  severe  load  history,  i.e.,  the  fighter  spectrum. 

The  improvements  in  fatigue  life  for  improved  drilling  are 
shown  in  Figures  3-37  and  3-38.  EIFS  cumulative  probability 
distribution  of  Figure  3-37  reflects  a  three-fold  decrease  for 
improved  drilling  with  respect  to  conventional  drilling.  A  more 
dramatic  effect  is  seen  in  Figure  3-38  where  90-percentile  crack 
depth  values  for  conventional  drilling  are  five  times  those  for 
improved  drilling.  A  seven-fold  decrease  in  crack  depth  at  1.5 
lives  is  shown  in  Figure  3-39  for  improved  drilling  versus 
conventional.  The  gains  in  fatigue  life  available  through  the 
implementation  of  improved  drilling  are  tangible  and  realistic. 


3.6  COMPARISON  OF  RESULTS 

Table  3-3  contains  50-  (mean)  and  90-percentile  EIFS  and 
crack  depths  at  one  life  for  both  hole  production  techniques  and 
the  fighter  spectrum.  In  both  cases  of  clearance-fit  fastener 
holes  for  EIFS  and  crack  depth,  the  improper  drilling  technique 
yielded  larger  values.  Improper  drilling  can  thus  be  assumed  to 
be  a  process  inferior  to  conventional  drilling.  On  the  other 
hand,  the  transition  fit  resulted  in  approximately  the  same  values 
for  proper  and  improper  techniques.  Thus,  the  transition-fit 
technique  proved  to  be  insensitive  to  those  variables  and  conditions 
thought  to  be  abusive.  A  comparison  of  the  conventional  clearance- 
versus  transition-fit  values  is  of  interest.  The  less-expensive- 
to-produce  clearance  fit  fastener  hole  is  on  all  counts  equal  to  or 
lower  than  the  transition-fit  fastener  holes. 

This  somewhat  anomalous  behavior  was  explained  through  the 
SEM  investigation.  It  was  shown  that  the  major  topological  dif¬ 
ference  between  clearance-  and  transition-fit  fastener  holes  was  the 
morphology  of  the  axial  scratches  found  therein.  In  both  cases, 
fatigue- crack  initiation  occurred  at  the  scratches.  Wide  dis¬ 
continuous  scratches  were  the  predominate  morphology  found  in  the 
clearance-fit  holes,  while  long,  narrow  scratches  were  found  in 
the  transition- fit  fastener  holes.  The  relative  behavior  can  be 
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Table  3-3  CUMULATIVE  PROBABILITY  RESULTS  FOR  TASK  I  NO-LOAD  TRANSFER, 
FIGHTER  SPECTRUM 
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explained  through  fracture  mechanics.  The  clearance-fit  fastener 
holes  showed  a  tendency  to  initiate  fatigue  cracks  at  point 
sources  within  the  discontinuous  scratches.  This  initiation 
mechanism  is  shown  in  Figure  3-40,  where  the  initial  a/2c  ratio 
is  equal  to  0.5  and  fatigue- crack  propagation  occurs  in  a  well- 
behaved  manner.  Crack  fronts  resulting  from  point- source 
initiation  are  seen  in  Figure  3-41.  Transition- fit  fastener 
holes  with  the  continuous  scratches  tended  to  initiate  multiple 
cracks  simultaneously.  This  behavior  is  manifested  in  Figure 
3-42,  where  multiple  initiation  yields  an  a/2c  ratio  much  less 
than  0.5.  Crack  growth  is  unstable,  i.e.,  fast  crack  growth  is  in 
the  "a"  or  depth  direction  until  the  0.5  equilibrium  ratio  is 
achieved.  Flat  crack  fronts  resulting  from  this  behavior  are  seen 
in  Figure  3-43.  Thus  the  fatigue  cracks  initiating  in  the  bore  of 
a  transition  -fit  fastener  hole,  i.e.,  drilled  and  reamed,  will 
have  a  greater  propensity  to  grow  more  rapidly  than  a  crack  in  a 
clearance- fit  fastener  hole. 

Obviously  the  morphology  of  a  scratch  in  a  transition-fit 
fastener  hole  is  narrower,  smaller  in  radius,  and  more  continuous 
than  a  scratch  in  a  clearance-fit  hole  and,  therefore,  is  a  more 
severe  condition  in  fatigue.  Why  a  clearance-fit  hole  is  affected 
less  is  a  function  of  the  dimensional  tolerance.  The  clearance-fit 
tolerance  range  is  0.250  -  0.253  inch,  leaving  a  maximum  radial 
clearance  of  0.0015  inch  between  the  hole  and  tool.  The  corre¬ 
sponding  values  for  transition-fit  holes  are  0.2500  -  0.2507  inch, 
yielding  a  maximum  radial  clearance  of  0.00035  inch.  The  chips 
produced  by  the  reaming  process  are  much  smaller,  discontinuous  in 
nature,  and  not  removed  by  the  straight  flutes  of  the  reamer. 

These  relative  radial  clearances  combined  with  the  geometry  of 
these  chips  best  explains  the  source  of  the  scratches,  differences 

in  scratch  morphology,  and  severity  in  fatigue. 

.11  .1* 

The  major  objective  of  this  task,  fatigue  life  extension 
through  process  control,  was  achieved  through  the  use  of  improved 
drilling.  EIFS  and  crack  depth  cumulative  probability  distri¬ 
butions  were  reduced  significantly,  as  shown  in  Table  3-3  and 
Figures  3-37,  -38,  and  -39.  The  driving  force  behind  improvements 
to  the  drilling  process  was  to  remove  those  scratches  observed  to 
be  caused  by  that  process.  The  elimination  of  those  scratches 
removed  the  cause  for  rapid  crack  growth  following  initiation  at 
a  scratch.  The  initiation  behavior  was  that  shown  in  Figure  3-40 
basically  point-source  initiation  followed  by  stable  crack  growth. 
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Figure  341  Crack  Front  Morphology  Due  to  Point  Source  Initiation 


VARIABLE  ASPECT  RATIO 
BORE  OF  FASTENER  HOLE  INITIAL-^ «  0.5 
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Figure  3-42  Behavior  of  Fatigue  Crack  Initiating  from  a  Scratch 
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Figure  343  Initiation  of  a  Line  Source  Yielding  a  Single  Plane  Crack 


The  analogy  previously  used  to  show  the  difference  between 
crack-growth  rates  in  clearance-and  transition-fit  holes  should 
be  modified  at  this  point.  Fatigue  crack  initiation  in  a 
clearance-fit  hole,  i.e.,  conventional  techniques,  is  actually 
the  same  as  in  a  transition-fit  hole  with  the  exception  that  the 
scratch  is  less  severe  and  not  continuous,  thereby  explaining 
the  less-favorable  fatigue  behavior  of  a  transition-fit  hole 
relative  to  clearance-  and  improved  clearance-fit  holes. 

In  summary,  the  improved  drilling  produced  a  clearance-fit 
fastener  hole  with  consistently  superior  fatigue  behavior.  This 
behavior  was  achieved  by  removing  the  major  cause  of  early  fatigue- 
crack  initiation  within  fastener  holes,  i.e.,  long,  narrow  axial 
scratches,  thus  shifting  the  initiation  mechanism  to  one  that  is 
a  function  of  circumferential  tool  marks. 

Cumulative  probability  results  for  coupon  specimens  tested 
using  bomber  load  history  are  shown  in  Table  3-4.  The  EIFS 
values,  both  mean  and  90  percentile,  show  no  significant  difference. 
Crack  depths  at  one  life  tend  to  enhance  any  differences  not  seen 
in  the  EIFS  values.  The  most  significant  result  is  that  the  crack 
depth  at  one  life  for  conventionally  produced  clearance-fit  holes 
are  less  than  those  of  transition-fit  holes. 

EIFS  values  for  bomber  spectrum  testing  are  less  than  those 
from  fighter  spectra  testing  as  shown  in  Figure  3-7  and  through 
comparison  of  Tables  3-3  and  3-4.  This  effect  was  due  to  the 
fighter  spectrum  being  more  severe  than  the  bomber  spectrum. 

EIFS  values  from  improved-drilling  and  fighter-spectra 
testing  were  approximately  equal  to  EIFS  values  from  bomber  spectrum 
testing.  A  limited  number  of  no-load  transfer  specimens  precluded 
testing  of  improved  drilling  under  the  bomber  spectrum. 
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Table  34  CUMULATIVE  PROBABILITY  RESULTS  FOR  TASK  I  NO-LOAD  TRANSFER,  BOMBER  SPECTRUM 
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SECTION  IV 


TASK  II  LOW-LOAD  TRANSFER  RESULTS 


The  objective  of  Task  II,  testing  with  the  low-load  transfer, 
were  the  same  as  those  established  for  Task  I  with  only  conven¬ 
tional  and  improper  processes  being  used.  A  total  of  150  specimens 
were  tested,  and  as  before  were  equally  divided  between  clearance- 
and  transition-fit  processes  tested  with  fighter  and  bomber 
spectra . 


4.1  FIGHTER  SPECTRUM 

Cumulative  probability  plots  of  EIFS  values  for  clearance- 
and  transition- fit  fastener  holes  are  shown  in  Figure  4-1.  The 
mean  EIFS  values  for  both  processes  are  approximately  equal,  i.e., 
the  two  distributions  cross  at  the  62  percentile  point.  Clearance- 
fit  holes  exhibit  lower  EIFS  values  at  cumulative  probabilities 
greater  than  6270  than  do  transition-fit  fastener  holes.  The  same 
trend  is  seen  in  crack  depth  behavior  at  one  life  for  clearance- and 
transition- fit  fastener  holes  in  Figure  4-2.  Thus  at  cumulative 
probabilities  greater  than  65%,  the  transition-fit  holes  will  have 
the  larger  crack-depth  values.  It  is  of  interest  that  in  both 
Figures  4-1  and  4-2  that  clearance-fit  distributions  have  less 
spread,  as  reflected  in  their  relative  slopes,  than  the  transition- 
fit  distributions. 

A  noticeable  difference  between  Task  I  and  Task  II  can  be 
detected  through  the  slopes  of  the  distributions.  Task  I  distri¬ 
butions  were  characterized  by  roughly  equivalant  slopes,  whereas 
Figures  4-1  and  4-2  each  show  two  distinct  slopes. 


4.2  BOMBER  SPECTRUM 

Figures  4-3  and  4-4  show  cumulative  probability  plots  of 
EIFS  and  crack  depth  for  load- transfer  coupon  specimens  tested 
using  the  bomber  spectrum.  The  result  of  these  particular  test 
variables  i.e.,  load  transfer,  bomber  load  history,  and  33  ksi 
stress  levels,  were  totally  opposite  from  all  others  tested.  Fig¬ 
ure  4-3  shows  EIFS  distributions  for  transition- fit  holes  three  to 
four  times  lower  than  the  same  clearance- fit  values.  Crack  depth 
values  at  one  life,  shown  in  Figure  4-4,  repeat  this  trend,  with 
clearance- fit  values  greater  than  transition-fit  values.  To  avoid 
speculation  no  attempt  will  be  made  to  explain  this  behavior. 
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Figure  4-1  Cumulative  Probability  of  EIFS  for  Drilled  and  Reamed  Fastener  Holes 
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Figure  4-2  Cumulative  Probability  of  Fatigue  Crack  Depths  at  One  Life 
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Figure  4-3  Effect  of  Hole  Fabrication  Process  of  EIFS  Distributions 
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Figure  4-4  Cumulative  Probabilities  of  Fatigue  Crack  Depths  at  One  Life 
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Also  of  interest  is  the  effect  of  stress  level  on  EIFS  and 
crack  depth  distributions.  The  EIFS  distributions,  Figure  4-5,  do 
show  a  dependence  on  stress  level,  but  this  dependence  is  not 
fully  understood.  On  the  other  hand,  the  effect  of  stress-level 
on  crack  depth,  Figure  4-6,  is  as  expected  with  crack  depth  directly 
proportional  to  stress  level.  To  facilitate  data  presentation,  the 
crack  depth  distribution  for  40.8  ksi  is  shown  at  one-half  life. 


4.3  NDE  RESULTS 

Two  of  the  NDE  and  surface-characterization  techniques  from 
Task  I  were  used  to  identify  surface  topography  in  Task  II.  The 
two  techniques  selected  were  (1)  eddy  current  and  (2)  rotary  profi- 
corder  combined  with  the  dial  bore  gauge. 


4.3.1  Eddy  Current 

Since  the  primary  fatigue-crack  origin  in  Task  I  was  due  to 
shallow  vertical  scratches,  major  emphasis  in  Task  II  was  placed 
on  increasing  sensitivity  and  resolution  with  the  eddy  current 
technique.  The  Magnaflux  ED- 520  eddy  current  instrument  was  replaced 
by  an  Automation  Industries  EM3300  phase-amplitude  unit.  With  this 
set-up,  hole  topography  and  fatigue  cracks  can  be  monitored  by 
measurement  of  phase  changes  due  to  the  eddy  current  response.  The 
phase  of  the  EM3300  was  adjusted  such  that  the  initial  lift-off 
had  a  purely  horizontal  component,  and  by  only  monitoring  the 
vertical  component,  lift-off  effects  were  minimized.  The  signal 
from  the  vertical  output  was  then  sent  through  a  bandpass  filter 
to  reject  the  d.c.  component  of  the  signal  and  amplified.  For  in¬ 
lab  inspection,  this  system  was  integrated  with  the  HP2100  digital 
computer . 

Conventional  eddy  current  probes  used  in  Task  I  were  replaced 
by  high-sensitivity  probes  (CREG  Model  102,  Reluxtrol  Company). 

These  probes  have  coils  of  approximately  0.050- inch  diameters  as 
compared  to  .125- inch  diameters  for  the  conventional  probes, thus 
giving  better  resolution  for  small  defects.  An  operating 
frequency  of  1  MHz  with  the  EM3300  was  found  to  work  quite  well 
in  detection  of  small  cracks  and  scratches.  The  standard  probes 
required  an  operating  frequency  as  low  as  50  KHz  for  normal  usage. 

The  higher- frequency  signal  used  with  the  smaller  probes  allows 
less  penetration  depth  of  the  eddy  current  signal  and,  thus, 
increased  sensitivity  to  surface  defects. 
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Figure  4-7  shows  eddy  current  scans  of  a  0.025-inch-deep 
fatigue  crack  in  a  .250-inch-diameter  7475  aluminum  fastener  hole 
obtained  through  the  use  of  both  types  of  probes.  The  eddy  current 
amplitude  obtained  with  the  CREG  probe  is  shown  to  be  nearly  double 
that  obtained  with  the  conventional  probe.  The  resolution 
obtained  with  the  CREG  probe  is  also  better  because  of  the  smaller- 
diameter  coil.  The  dual  set  of  inductance  change  peaks  obtained 
with  the  conventional  probe  resulted  from  the  diameter  of  the  coil 
being  larger  than  the  length  of  the  fatigue  crack.  Most  of  the 
induced  eddy  currents  will  surround  the  crack  when  the  probe  is 
centered  on  the  crack,  causing  a  minimum  in  the  amplitude  of  the 
recorded  inductance  change  peaks. 

By  use  of  the  higher-sensitivity  probes,  a  study  was  con¬ 
ducted  to  determine  the  maximum  sensitivity  of  eddy  current  to 
scratches.  These  measurements  were  made  on  Task  II  drilled 
specimens  where  crack  depths  were  measured  with  the  rotary  attach¬ 
ment  to  the  Bendix  proficorder.  These  studies  indicated  minimum 
detectability  of  approximately  0.0004- inch  depth  in  production- 
drilled  holes,  Figure  4-8.  This  minimum  detectability  limit  is  a 
function  of  other  factors  such  as  hole  surface  finish  and  out-of- 
roundness,  which  also  can  influence  the  eddy  current  signal.  For 
instance,  the  minimum  detectability  in  a  polished  hole  (low  surface 
roughness)  should  be  improved  over  detectability  obtained  in  the 
present  experiments. 

Even  \tfith  the  improved  eddy  current  system,  no  correlation 
could  be  obtained  between  eddy  current  amplitudes  and  EIFS.  All 
of  the  problems  encountered  in  correlating  NDI  parameters  and  EIFS 
in  Task  II  specimens  were  due  to  many  of  the  primary  crack- 
initiation  sites  being  away  from  the  bore  of  the  hole,  where  no 
inspection  had  been  done. 

In  general,  the  eddy  current  background  in  Task  II,  in  which 
holes  were  conventionally  drilled,  was  considerably  higher  than 
that  obtained  in  the  improved  drilled  holes,  Figure  4-9.  This 
is  indicative  of  better  hole  quality  when  the  improved  drilling 
process  is  used. 


4.3.2  Rotary  Attachment  to  Proficorder  Plus  Dial  Bore  Gauge 

Total  surface  profiles  around  the  bore  of  the  hole  were  obtained 
on  all  Task  II  specimens.  Measurements  were  made  on  the  bottom 
section  at  a  depth  of  0.050  inch  from  the  top.  The  low- load  drilled 
specimens  contained  larger  surface  irregularities  than  the  holes 
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HIGH  SENSITIVITY  PROBE 
Figure  4-7  Resolution  of  0.025-Inch-Deep  Fatigue  Crack 
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Figure  4-8  Sensitivity  of  Eddy  Current  to  Surface  Defects 
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IMPROVED  WINSLOW 


drilled  by  use  of  improved  techniques.  A  comparison  of  hole 
out- of -roundness  between  the  two  techniques  is  shown  in  Figure 
4-10.  Examples  of  scratches  present  in  the  conventionally 
drilled  specimens  are  shown  in  Figure  4-11. 

Dial  bore  gauge  readings  on  Task  II  holes  indicated  a  larger 
spread  in  diameters  of  the  drilled  holes  compared  to  the  reamed 
holes.  For  the  smaller  diameter  holes,  there  was  no  correlation 
between  the  dimensional  tolerance  parameter  or  maximum  diameter 
measured  and  the  EIFS.  However,  in  the  drilled  specimens,  for 
maximum  diameters  measured  greater  than  0.253  inch,  there  was 
a  general  tendency  of  larger  flaw  size,  Figure  4-12.  For  specimens 
where  only  one  of  the  holes  was  oversized,  the  oversized  hole 
caused  the  adjacent  hole  to  fail  early  due  to  the  increased  load 
on  the  smaller  hole. 


4.4  SEM  ANALYSIS 

A  general  SEM  analysis  was  performed  on  Task  II  specimens. 
Efforts  were  concentrated  on  initiation- site  behavior  since 
general  topological  features  within  the  sites  were  consistent 
with  those  seen  in  Task  I. 

The  major  difference  seen  between  Task  I  and  Task  II  specimen 
failures  was  the  location  of  fatigue  crack  initiation  sites.  Task 
I  initiation  occurred  predominately  within  the  bore  of  the 
fastener  holes.  In  Task  II  the  initiation  sites  tended  to  move 
to  the  faying-surface  corner,  i.e.,  fastener  hole  faying-surface 
intersection.  Two  typical  examples  are  shown  in  Figures  4-13  and 
4-14.  Faying-surface  initiation  is  seen  in  Figure  4-13,  where  the 
fatigue  crack  was  growing  parallel  to  the  axis  of  the  fastener 
hole  until  it  became  a  full  corner  crack.  The  second  type  of 
typical  initiation  site  behavior,  Figure  4-14, is  initiation  at  or 
very  near  the  corner.  In  this  case  the  actual  initiation  site  was 
destroyed  by  compressive  loads  in  the  spectrum.  Note  should  be 
made  of  the  relatively  flat  crack  front  following  axial  scratches 
within  the  bore  of  the  fastener  hole. 

We  thus  see  two  mechanisms  at  work  in  the  Task  II  specimens. 
First,  corner  or  faying-surface  initiation,  followed  by  flat  crack 
fronts  propagating  along  axial  scratches  within  the  fastener  holes. 
These  mechanisms  will  be  further  addressed  in  Task  III. 
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Figure  4-12  Maximum  Diameter  versus  EIFS 
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Figure  4-13  SEM  Micrograph  Showing  Fatigue  Crack  Initiation  from  Faying  Surface  Near  Fastener  Hole  for 
Transition-Fit  Hole  (100X) 
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Figure  4-14  SEM  Micrograph  Showing  "Near  Corner"  Crack  Initiation  at  Faying  Surface  for  a  Transition-Fit 
Hole  (43 X) 


4.5  COMPARISON  OF  RESULTS 


Fighter  spectrum  results  for  Task  II  were  consistent  with 
the  previous  task,  that  is,  at  higher  cumulative  probabilities 
the  clearance-fit  EIFS  and  crack  depth  distributions  were  lower 
than  the  transition-fit  distributions.  These  trends  are 
summarized  in  Table  4-1.  For  the  fighter  spectrum  the  EIFS 
values  are  roughly  equal  in  both  task.  The  anticipated  spread 
in  the  clearance-  and  transition-fit  crack  depth  is  seen  at  the 
90-percentile  values. 

As  previously  mentioned,  the  bomber  spectrum  Task  II  results 
show  no  one-to-one  correlation  within  this  task  or  to  Task  I. 
These  results  are  not  fully  understood  and,  therefore,  no  attempt 
will  be  made  to  explain  them. 
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Table  4-1  SUMMARY  OF  RESULTS 
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SECTION  V 


TASK  III  FASTENER  HOLE  QUALITY  IMPROVEMENTS 


The  objectives  of  this  task  were  to  improve  the  fatigue 
behavior  of  fastener  holes  with  the  use  of  NDE  techniques  to 
eliminate  test  specimens  with  large  EIFS  in  the  fastener  holes f  and 
then,  mechanically  test  only  those  specimens  with  acceptable 
EIFS  as  established  by  the  results  of  the  400  test  specimens  of 
Task  I  and  II. 


5.1  DEFINITION  AND  IDENTIFICATION  OF  HOLE  QUALITY 

One  of  the  first  priorities  of  this  task  was  to  establish  the 
criteria  for  fastener  hole  quality,  i.e.,  fatigue  behavior.  Our 
initial  guideline  for  hole  quality  was  hole  surface  finish  and 
morphology,  i.e.,  roughness,  scratches,  and  out-of-roundness , 
since  fastener  hole  inspection  rejection  criteria  as  used  by 

most  of  the  major  aerospace  companies  were  based  on  hole  finish 
and  other  geometry  related  details.  However,  it  became  quite 
evident  when  the  results  of  Task  I  and  II  were  examined  that  there 
were  little,  if  any,  correlation  between  NDE  measurements  and 
fastener  hole  fatigue  behaviors.  Task  I  results  showed  that  there 
is  no  correlation  between  EIFS  and  final  flaw  sizes  with  hole 
diameter  dimensions  of  0.250  to  0.255  inch  for  drilled  holes. 

Diameters  greater  than  0.253  are  out  of  tolerance.  Task  I  results 
also  showed  that  there  is  no  correlation  between  EIFS  and  final 
flaw  sizes  with  hole  roughness  up  to  150  RMS.  Holes  that  have  deep 
gouges  and  rifling  marks  (  ~  1.25  mil)  that  were  introduced  by 
deviating  from  the  normal  drilling  procedure  also  did  not  appear  to 
effect  the  fatigue  behavior.  Upon  closer  examination  of  the 
fastener  hole  surface  by  SF,M  after  the  cracks  were  broken  open,  we 
found  that  fastener  holes  with  large  EIFS  were  mostly  initiated 
from  axial  scratches.  For  the  no-load  transfer  specimens,  this 
was  particularly  true.  Hole  roughness  as  caused  by  rifling  marks, 
gouges,  etc.,  did  not  generate  large  EIFS  or  early  fatigue  failure. 
However,  that  is  not  to  say  that  rifling  marks,  gouges,  etc., do 
not  initiate  cracks.  They  do,  and  from  fractography  investigations 
they  appear  to  initiate  cracks  as  early  as  axial  scratches.  But, 
their  growth  rate  is  slower  than  those  initiated  from  axial  scratches. 
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Qualitatively,  a  crack  initiated  from  an  axial  scratch 
has  a  small  crack  depth  (a)  and  a  large  crack  length  (2c)  or  a 
small  a/2c  ratio,  as  illustrated  in  Figure  3-40.  The  flaw  shape 
parameter  Q  for  a/2.c  much  less  than  0.5  is,  roughly  speaking, 
unity.  For  a/ 2c  around  0.5,  as  a  crack  which  was  initiated  from 
a  rifling  mark  or  other  circumferential  tool  marks  might  be 
approximated,  the  Q  value  can  be  twice  as  large  as  unity.  Thus, 
the  stress  intensity  factor  will  be  larger  for  a  crack  growing  from 
an  axial  scratch  (a/2c<<0.5)  than  a  crack  growing  from  a  rifling 
mark  (a/2c  ~  0.5).  Quantitative  stress  intensity  factors  for  a 

part-through  or  elliptical  surface  crack  can  be  found  in  References 
5  and  6.  Figure  5-1  illustrated  this  case  in  point.  Specimen 
A  failed  before  the  end  of  two  service  lives  and  the  crack  depth 
was  traced  to  0.6  mil  bv  fractography .  Specimen  B,  which  was 
fabricated  and  tested  in  exactly  the  same  manner  as  Specimen  A, 
has  a  final  flaw  depth  of  0.085  inch  at  the  end  of  two  service  lives 
and  the  smallest  crack  depth  was  traced  to  1.3  mil  by  fractography. 
Post- test  scanning  electron  microscope  examination  showed  that  cracks 
in  Specimen  A  were  initiated  from  an  axial  scratch  and  it  grew 
rapidly  between  zero  and  3/4  service  life.  At  that  point,  the  a/2c 
ratio  approaches  0.5  and  the  crack  grew  in  a  manner  similar  to  the 
crack  in  Specimen  B.  Specimen  A  has  an  EIFS  of  about  5  mils  as 
obtained  by  following  the  analytical  procedure  used  to  obtain  EIFS. 
Specimen  B  has  an  EIFS  of  about  0.9  mil. 

A  second  factor  that  contributes  to  faster  crack  growth  with 
axial  scratch  initiation  is  multiple  crack  initiations  that  will 
grow  together  along  the  axial  scratch  to  form  a  longer  crack,  as 
illustrated  in  Figure  5-2.  Prior  to  joining  together,  each  crack 
might  have  reached  an  a/ 2c  ratio  of  approximately  0.5,  but  when 
they  grew  together  to  form  a  single  crack,  this  newly  formed  crack 
will  now  have  an  a/ 2c  ratio  of  less  than  0.5.  Thus,  it  will  grow 
at  a  faster  rate.  Multiple  crack  initiations  can  occur  in  non- 
axial  scratches,  but  the  cracks  are  growing  in  separate  planes  and 
can  not  grow  together  to  form  one  crack  front. 

These  explanations  are  only  intended  to  give  a  qualitative 
account  of  crack  growth  behavior  as  influenced  by  the  manufacturing 
process  to  establish  a  criteria  for  fastener  hole  qualitv  These 
same  qualitative  explanations  for  drilled  holes  also  apply  to 
drilled  and  reamed  holes.  Thus,  based  on  the  results  of  Task  I, 
which  included  100  specimens  tested  with  the  F-16  randomized  block 
spectrum  and  100  specimens  tested  with  the  AMAVS  (B-l)  spectrum, 
axial  scratches  appeared  to  be  the  major  mechanism  contributing 
to  the  degradation  of  fastener  hole  fatigue  behavior. 
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Figure  5-1  Effect  of  Flaw  Shape  Size  on  EIFS 
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FASTENER  HOLE 


Figure  5-2  Coalescence  of  Multiple  Cracks  to  Form  a  Single  Large  Crack 


95 


The  criteria  for  fastener  hole  quality  in  the  case  of  low- 
load  transfer  appears  to  be  much  more  complex  than  the  no-load 
transfer  case.  Post- test  examination  by  SEM  revealed  that  large 
EIFS  fastener  holes  were  initiated  from  axial  scratches,  localized 
yielding/fretting  at  the  interface,  and  mismatch.  Mismatch 
refers  to  the  lack  of  concentricity  of  the  two  fastener  holes. 

Our  traditional  concept  of  fastener  hole  quality  consisting  of  hole 
roughness  and  geometric  details,  except  for  hole  diameter  tolerance, 
does  not  appear  at  all  to  be  appropriate.  A  large  majority  of  the 
Task  II  specimens  initiated  cracks  at  the  interfaces  and  slightly 
away  from  the  hole;  but  grew  back  toward  the  hole  and 
eventually  fail  as  a  corner  crack.  This  mode  of  crack  initiation 
is  referred  to  in  this  report  as  localized  yielding  or  fretting. 
There  were  a  few  cracks  initiated  at  the  hole  that  appeared  to  be 
the  result  of  localized  yielding  caused  by  the  fastener  and  one  of 
the  plates.  This  mode  of  crack  initiation  is  referred  to  in  this 
report  as  mismatch.  These  two  crack  initiation  modes  dominate  hole 
quality  or  lack  of  it  along  with  axial  scratches. 

Localized  yielding  can  not  be  detected  by  conventional 
production  inspection  procedures.  Mismatch  might  or  might  not 
be  detectable  with  production  inspection  procedures.  Even  if  it 
is  detectable,  it  might  not  be  correctable  without  causing  one  of 
the  holes  to  be  out  of  tolerance.  Axial  scratches,  unless  they 
are  deep  and  can  easily  be  detectable  with  the  human  eye,  are  for 
the  most  part  not  detectable  by  conventional  production  inspection 
procedures.  Fastener  hole  quality  in  the  load  transfer  case  can 
not  in  the  large  majority  of  the  cases  be  controlled  by  inspection. 
It  must  be  controlled  by  a  combination  of  design  and  manufacturing 
processes,  which  will  be  discussed  in  the  next  subsection  of  this 
report . 


5.2  LOW-LOAD  TRANSFER  RESULTS 

Task  III  low-load  transfer  coupon  fatigue  testing  was  per¬ 
formed  on  113  specimens.  All  fastener  holes  in  this  task  were 
clearance -fit  and  produced  with  the  modified  equipment;  thus,  they 
were  improved  fastener  holes.  One  group  of  50  was  tested  with  the 
fighter  load  history,  and  a  second  group  tested  with  the  bomber 
load  history.  Specimen  testing  was  broken  down  into  three  basic 
levels,  1007c  baseline  stress  (30  specimens),  1207,  baseline  stress 
(10  specimens)  and  907o  baseline  stress  (10  specimens)  .  An 
additional  13  specimens  were  fabricated  with  the  improved  process 
using  improper  or  abusive  techniques  and  tested  with  the  fighter 
load  history. 
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5.2.1  Fighter  Spectrum  Results 

Figure  5-3  shows  a  comparison  of  Task  III  load- transfer 
EIFS  results  and  Task  III  abusively  drilled  improved-process 
EIFS  results.  The  mean  value  for  abusive  drilling  is  approximately 
three  times  greater  than  the  improved  drilling  values,  but  the  90- 
percentile  values  approach  each  other. 


The  behavior  of  EIFS  distributions  for  improved  drilling  and 
conventional  drilling  is  seen  in  Figure  5-4.  These  distributions 
are  essentially  inseparable  from  the  50-percentile  values  and 
greater.  It  should  be  pointed  out  that  although  these  higher 
percentile  values  of  both  distributions  are  very  nearly  equal, 
the  improved  drilling  produces  a  distribution  with  a  steeper  slope 
and,  thus,  less  statistical  spread. 

5.2.2  Bomber  Spectrum  Results 

The  results  of  bomber  spectrum  testing  are  shown  in  Figures 
5-5  and  5-6.  EIFS  values  for  improved  drilling  are  seen  to 
decrease  with  respect  to  conventional  drilling.  The  same  trend, 
although  less  apparent  for  the  mean  is  seen  in  crack  depth  values 
at  one  life.  EIFS  values  exhibit  a  slight  decrease  for  improved 
drilling  relative  to  conventional  drilling,  where  no  improvement 
was  seen  in  the  fighter  spectrum  data.  There  are  obvious 
differences  in  the  fighter  and  bomber  spectra  data,  which  will  be 
addressed  below. 

5.2.3  Improved  Drilling  and  Assembly 

Since  the  fatigue  behavior  and  EIFS  distributions  from  Task 
II  and  Task  III  were  very  similar,  most  notably  the  fighter  spectrum 
results,  and  did  not  provide  a  dramatic  increase  in  fatigue  life, 
the  conventional  assembly  process  was  evaluated.  The  fatigue  crack 
initiation  sites  for  both  Tasks  II  and  III  were  of  a  "corner"  mode 
and,  except  for  Task  III  bomber  test,  improved  drilling  showed 
significant  gain.  Thus,  assembly  techniques  were  evaluated  and 
modified  to  correct  the  major  mechanisms  thought  to  contribute  to 
early  corner  initiation  and  rapid  crack  growth.  These  mechanisms 
were  misalignment  or  mismatch  of  fastener  holes  and  metal  yielding 
at  the  faying  surface. 
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Figure  5-3  EIFS  for  Properly  and  Improperly  Drilled  15%-Load  Transfer  Specimens 
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Figure  5-4  EIFS  Distributions  for  Conventional  and  Improved  Drilling,  Fighter  Load  History 
and  15%  Load  Transfer 
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EFFECT  OF  HOLE  FABRICATION  PROCESS 
ON  E.I.F.S.  DISTRIBUTION 
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Figure  5-5  Effect  of  Hole  Fabrication  Process  on  EIFS  Distributions 
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Figure  5-6  Cumulative  Probabilities  of  Fatigue  Crack  Depths  at  One  Life 


CUMULATIVE  PROBABILITIES  OF 
FATIGUE  CRACK  DEPTH  AT  ONE  LIFE 

•  CONVENTIONAL  DRILLING 

a  IMPROVED  DRILLING 

BOMBER  LOAD  HISTORY 

MAX  SPECTRUM  STRESS:  33  ksi 

15%  LOAD  TRANSFER 

• 

V 

• 

— m — 

• 

A 

• 

• 

A 

• 

» 

A 

A* 

k 

« 

• 

A 

-.A 

1 

- ^ 

- 

A  ▲  A. 

< 

w  w 

A  ▲ 

•  •  •' 

A 

£  A 

— • — 

A 

A 

101 


Mismatch  occurs  when  two  plates,  for  example,  are  match 
drilled  with  several  fastener  holes,  separated  for  some  secondary 
operation,  and  remated  for  assembly.  The  probability  of  perfectly 
realigning  all  of  the  pre-drilled  holes  is  very  small.  This 
probability  will  be  decreased  when  a  fastener  or  some  other  device 
is  used  to  aid  in  the  alignment  process.  Dimensional  tolerance 
stack-ups  of  the  hole  and  fastener  will  allow  the  holes  to  become 
"partially"  aligned,  and  mismatch  results.  Mismatch  becomes 
detrimental  when  load  is  transferred  through  the  plate  and  some 
fasteners  receive  a  larger  proportion  of  the  bearing  load,  causing 
the  fatigue  cracks  to  initiate  and  grow. 

The  deleterious  effects  of  mismatch  were  minimized  by  never 
separating  faying  surfaces  prior  to  assembly.  All  fastener  holes 
were  drilled  in  production- type  tooling.  Prior  to  removal  from 
the  tooling,  fasteners  were  installed  and  torqued  to  required  values. 

The  second  and  more  detrimental  mechanism  was  found  to  be 
"metal  yielding",  localized  yielding  at  the  circumference  of  the 
fastener  holes  on  the  faying  surface.  The  cause  is  a  combination  of 
(1)  compressive  stresses  from  fastener  preload  and  (2)  cyclic 
testing  loads.  The  compressive  stress  field  resulting  from 
fastener  preload  deteriorates  rapidly  in  a  radial  direction 
(Reference  7  ).  Since  cyclic  loads  cannot  be  changed,  the  effect 
of  preload  was  minimized  in  two  ways.  First,  constant  sealant 
thicknesses  were  maintained  through  the  use  of  shims  (0.004  inch). 
These  tests  confirmed  the  available  extention  in  fatigue  life. 

Secondly,  the  faying  surfaces  were  spot-faced  prior  to  drilling 
to  approximately  0.005  inch  in  depth  by  0.5  inch  in  diameter.  Spot¬ 
facing  of  the  faying  surface  alleviated  bearing  forces  and,  thus, 
relieved  the  region  of  high  compressive  stress. 

The  combination  of  a  spotface  and  the  removal  of  mismatch 
produced  significant  increases  in  fatigue  crack  depth  at  one  life 
and  decreases  in  EIFS  for  the  load- transfer  condition.  Figure  5-7 
shows  decreases  in  EIFS  for  improved  drilling  and  assembly  of  four 
to  seven  times  for  mean  and  90-percentile  values,  respectively. 

Crack  depths  at  one  life,  Figure  5-8,  graphically  show  a  20-fold 
decrease  for  mean  values  and  a  25-fold  decrease  for  90-percentile 
values.  These  results , which  speak  for  themselves,  are  significant 
steps  toward  increasing  fatigue  life  in  the  load- transfer  condition. 
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Figure  5-7  Cumulative  Probabilities  Showing  Fatigue  Enchancement  of  Fastener  Holes 
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Figure  5-8  Cumulative  Probabilities  for  Fatigue  Crack  Depths  at  One  Life  Showing  Durability  of  Each  Process 
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5.2.4  Comparison  of  Results 

The  variance  of  EIFS  results  from  fighter  to  bomber  spectrum 
testing  is  evident.  These  differences  although  not  fully  under¬ 
stood  may  well  be  products  of  maximum  stress  level  and  spectrum 
effects.  The  effect  of  maximum  stress  level  on  EIFS  is  seen  in 
Figure  5-9  for  the  fighter  load  history.  The  30.6-ksi  and  34-ksi 
EIFS  distributions  are  essentially  inseparable,  and  the  40.8  ksi 
distribution  falls  into  a  range  of  larger  EIFS  values.  The  same 
trend,  higher  stress  levels  and  higher  distributions,  does  not  hold 
for  the  bomber  load  history,  seen  in  Figure  5-10.  The  effects  on 
EIFS  are  not  fully  understood  and,  at  a  minimum,  it  must  be  assumed 
that  EIFS  is  not  only  a  function  of  stress  level  but  also  dependent 
upon  spectra  effects.  These  effects,  although  not  fully  understood, 
do  not  come  as  a  surprise. 
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Figure  5-9  Effect  of  Max  Fighter  Spectrum  Stress  Level  On  EIFS  Distribution  for  Improved 
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SECTION  VI 


TASK  IV  EXTENSION  TO  STEEL  AND  TITANIUM 


6 . 1  STEEL 

In  this  phase  of  the  program,  30  AF1410  steel  no-load 
transfer  specimens  were  cyclic-load  tested  using  the  fighter 
load  sequence.  AF  1410  steel  was  developed  by  General  Dynamics 
(Reference  8)  under  a  contract  with  the  Air  Force  Materials 
Laboratory.  This  particular  steel  is  similar  in  composition  to 
HY  180  steel.  Yield  strength  of  the  material  as  used  in  the 
program  was  approximately  224  ksi. 

Specimen  design  is  shown  in  Figure  6-1.  The  dimensions 
shown  were  to  allow  testing  with  the  same  load  frames  that  were 
used  for  7475-T7351  aluminum.  The  procedure  for  specimen  manu¬ 
facture  is  as  follows: 

1.  Material  will  be  shipped  in  a  premachining,  heat-treated 
condition  (Rc  32  to  35  analogous  to  Ti-6A1-4V  for  machining 
properties) . 

2.  Rough  machine  allowing  0.02.0  in.  to  0.030  in.  on  all  dimensions 

for  clean  up.  Will  be  in  blanks  approximately  0.625  in.  thick. 

3.  Double  austenitize:  (a)  1650°F  +  20°F  for  1  hour,  oil  quench 

(b)  1525°F  +  20°F  for  1  hour,  oil  quench 

4.  Straighten  if  required 

5.  Age  at  950°F  +  10°F  for  five  hours;  air  cool  Rc  48  to  52 

6.  Final  machine  to  following  specifications  and  attached  drawing. 

(a)  Grips  will  have  a  125-rms  minimum  finish. 

(b)  Gage  area  will  have  a  63-rms  minimum  finish. 

(c)  Centerline  symmetry  must  be  strictly  maintained  from  one 
edge . 

(d)  Tolerance  on  gage  thickness  will  be  +  0.002  inch. 

(e)  Tolerance  on  1.000-inch  diameter  pin  holes  will  be  -0.000 
inch  +  0.003  inch. 

(f)  Material  will  be  supplied  as  blanks  3  x  12  x  0.625  inches, 
having  a  saw-cut  finish. 
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Figure  6-1  No  Load  Transfer  Specimen  for  Task  IV  Material  AF  1410  Steel 


All  holes  in  the  AF  1410  steel  specimens  were  drilled  and 
reamed  by  the  Quackenbush  technique.  Drilling  speed  and  feed 
rates  were  identical  to  drilling  parameters  used  for  Ti  6A1-4V 
(drilling  speed  -  250  rpm,  drilling  rate  -  0.001  inch/revolution). 
Dimensions  of  all  holes  were  measured  with  a  dial  bore  gauge. 

All  diameters  were  within  tolerance  for  drilling  and  reaming 
(.2500  -  .2507  inch) . 

Maximum  baseline  stress  used  during  testing  was  125  ksi  for 
a  majority  of  the  specimens,  Table  6-1.  Even  at  this  stress  level, 
most  of  the  specimens  failed  before  two  lifetimes  were  completed. 

In  many  of  the  holes,  cracks  almost  identical  in  size  were  found 
180°  from  each  other  (at  the  location  of  maximum  stress) .  The  EIFS 
distribution  is  shown  in  Figure  6-2. 

6 . 2  TITANIUM 

Thirty  Ti  6A1-4V  no-load  transfer  specimens  were  cyclic-load 
tested  using  the  fighter  load  sequence.  This  material  was  obtained 
from  RMI  Company,  Niles,  Ohio,  and  was  made  according  to  North 
American  Rockwell  Specification  ST0170LB0032  Rev.  E  Cond.  A  (annealed). 
Microstructural  examination  of  the  plate  indicated  a  nearly  equi- 
axed  alpha  grain  structure.  Yield  strength  of  the  material  in  the 
as-received  condition  was  approximately  130  ksi. 

Specimen  design  was  similar  to  that  used  for  7475-T7351 
aluminum  no-load  transfer  specimens,  Figure  6-3.  Since  a  much 
higher  baseline  stress  was  used  as  compared  to  the  7475-T7351 
aluminum  specimen,  the  cross-sectional  area  was  decreased  to  allow 
testing  with  the  same  load  frames.  All  holes  in  the  Ti  6AL-4V 
specimens  were  drilled  and  reamed  by  the  Quackenbush  technique. 

Rate  of  drilling  and  reaming  was  250  rpm.  at  a  feed  rate  of  0.001 
inch/revolution.  After  varying  the  maximum  baseline  stress  between 
75  ksi  and  85  ksi  on  selected  specimens,  a  stress  of  82.5  ksi  was 
established.  A  large  variation  was  found  in  final  crack  depths 
Table  6-2.  Crack  growth  rate  was  very  rapid  at  these  baseline 
stress  levels. 

Hole  diameters  were  measured  on  all  specimens  using  a  dial 
bore  gauge,  Table  6-3  .  Except  for  four  of  the  specimens,  which 
were  drilled  and  reamed  under  improper  conditions,  all  hole 
dimensions  were  within  tolerance  (.2500-. 2507  inch).  The  largest 
equivalent  initial  flaw  size  (EIFS)  was  found  in  a  specimen  (TYPF-2) 
where  improper  speeds,  feeds,  and  lack  of  coolant  had  been  used 
during  the  drilling  and  reaming  process.  Table  6-3.  Eddy  current 
signatures  were  nearly  identical  on  all  specimens  except  for  TYPF-2, 
where,  due  to  the  oversized  hole,  large  lift-off  signals  were  present. 
The  EIFS  distribution  for  the  Ti  6A1-4V  specimens  is  shown  in  Figure 
6-4. 
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Table  6-1  FINAL  CRACK  DEPTHS  FOR  AF  1410  STEEL  NO-LOAD  TRANSFER  SPECIMENS 
(Fighter  Load  Sequence) 


SPECIMEN 

NO. 

FINAL  CRACK 
DEPTH  (IN.) 

MAXIMUM 

BASELINE 

STRESS  (KSI) 

COMMENTS 

ST-1 

.223 

148 . 4 

Failed 

after 

3235  Flt-Hrs . 

-2 

.221 

149.0 

Failed 

after 

3606  Flt-Hrs. 

-3 

.280 

125 

Failed 

after 

5077  Flt-Hrs. 

-4 

.329 

125 

Failed 

after 

9077  Flt-Hrs. 

-5 

.280 

125 

Failed 

after 

10673  Flt-Hrs. 

-6 

.223 

125 

Failed 

after 

10406  Flt-Hrs. 

-7 

.024 

125 

-8 

.220 

125 

Failed 

after 

13206  Flt-Hrs. 

-9 

.071 

125 

Failed 

after 

11600  Flt-hrs . 

-10 

.218 

125 

Failed 

after 

13,235  Flt-Hrs . 

-11 

.232 

125 

Failed 

after 

11,606  Flt-Hrs . 

-12 

.260 

125 

Failed 

after 

6749  Flt-Hrs . 

-13 

.222 

125 

Failed 

after 

9478  Flt-Hrs . 

-14 

.160 

125 

-15 

.232 

125 

Failed 

after 

11235  Flt-Hrs . 

-16 

— 

— 

-17 

.267 

125 

Failed 

after 

9606  Flt-Hrs . 

-18 

— 

— 

-19 

.258 

125 

Failed 

after 

10006  Flt-Hrs . 

-20 

.303 

125 

Failed 

after 

14671  Flt-Hrs. 

-21 

.328 

125 

Failed 

after 

7067  Flt-Hrs . 

-22 

.281 

125 

Failed 

after 

11606  Flt-Hrs . 

-23 

.228 

125 

Failed 

after 

9773  Flt-Hrs . 

-24 

.262 

125 

Failed 

after 

8455  Flt-Hrs . 

-25 

.234 

125 

Failed 

after 

8502  Flt-Hrs . 

-26 

.287 

125 

Failed 

after 

9635  Flt-Hrs . 

-27 

.298 

125 

Failed 

after 

8806  Flt-Hrs . 

-28 

.326 

125 

Failed 

after 

9144  Flt-Hrs . 

-29 

.353 

125 

Failed 

after 

10677  Flt-Hrs . 

-30 

.300 

125 

Failed 

after 

6348  Flt-Hrs . 
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•  MATERIAL  6AL-4V  TITANIUM 
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CENTERLINE  SYMMETRY  MUST  BE  MAINTAINED  FROM  ONE  EDGE  OF  THE  SPECIMENS 


Table  6-2  FINAL  CRACK  DEPTHS  FOR  Ti  6A1-4V  NO-LOAD  TRANSFER  SPECIMENS 
(Baseline  Stress  =  82.5  ksi) 


SPECIMEN 

NO. 

FINAL  CRACK 
DEPTH  (IN.) 

COMMENTS 

TXPF-1 

.392 

Drilled  and  Reamed  at  Excessive  Speed 

-2 

.002 

Failed  after  10,000  Fit.  Hrs . 

No  Coolant  on  Drill  During  Drill 

-3 

.003 

Process 

-4 

.345 

Failed  after  11,077  Flt-Hrs. 

-5 

.003 

-6 

.433 

Failed  after  15,635  Flt-Hrs. 

-7 

.058 

-8 

.413 

Failed  after  13,478  Flt-Hrs. 

-9 

.004 

-10 

.477 

Failed  after  14,806  Flt-Hrs. 

-11 

.017 

-12 

.290 

Failed  after  10,835  Flt-Hrs. 

-13 

.282 

Failed  after  12,006  Flt-Hrs. 

-14 

.345 

Failed  after  12,806  Flt-Hrs. 

-15 

.196 

Failed  after  13,606  Flt-Hrs. 

TYPF-1 

-2 

.358 

Improper  Speeds,  Feeds  and  Lack 

-3 

.001 

of  Coolant  During  Drilling  &  Reaming. 
Failed  after  6006  Flt-Hrs. 

Run  at  Baseline  Stress  of  75KSI 

-4 

.366 

Run  at  Baseline  Stress  of  85  KSI 

-5 

.009 

Failed  After  15,467  Flt-Hrs. 

Run  at  Baseline  stress  of  80  KSI 

-6 

.365 

Failed  after  12,035  Flt-Hrs. 

-7 

.354 

Failed  after  10,806  Flt-Hrs. 

-8 

.292 

Failed  after  15,606  Flt-Hrs. 

-9 

.017 

-10 

.546 

Failed  after  11,547  Flt-Hrs. 

-11 

.351 

Failed  after  10,903  Flt-Hrs. 

-12 

.243 

-13 

.206 

Failed  after  10,903  Flt-Hrs. 

-14 

.011 

-15 

.363 

Failed  After  15,303  Flt-Hrs. 
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Table  6-3  EIFS  AND  HOLE  DIAMETERS  FOR  Ti  6A1-4V  NO-LOAD  TRANSFER  SPECIMENS 


SPECIMEN 

MAX,  DIAMETER 

NO. 

EIFS  (IN.) 

MEASURED  (IN.) 

TXPF-1 

.00190 

.2516 

-2 

.00082 

.2515 

-3 

.00067 

.2505 

-4 

.00222 

.2507 

-5 

.00067 

.2507 

-6 

.00113 

.2507 

-7 

.00110 

.2507 

-8 

.00135 

.2507 

-9 

.00066 

.2507 

-10 

.00121 

.2507 

-11 

.00090 

.2507 

-12 

.00157 

.2507 

-13 

.00189 

.2507 

-14 

.00063 

.2507 

-15 

.00081 

.2507 

TYPF-1 

.250 

-2 

.00312 

.2535 

-3 

.2507 

-4 

.00106 

.2506 

-5 

.00083 

.2505 

-6 

.00145 

.2507 

-7 

.00165 

.2507 

-8 

.00103 

.2507 

-9 

.00090 

.2507 

-10 

.00157 

.2507 

-11 

.00151 

.2507 

-12 

.00110 

.2507 

-13 

.00164 

.2506 

-14 

.00084 

.2505 

-15 

.00108 

.2507 
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SECTION  VII 


EXTENSION  TO  COLD-WORKED  AND  TAPER-LOIC  HOLES 


7.1  COLD-WORKED  HOLES 

Thirty  7475-T7351  aluminum  no-load  transfer  specimens  were 
cold-worked  by  a  method  developed  by  the  Boeing  Company  (Reference 
9) .  The  initial  hole  is  drilled  or  reamed  and  a  mandrel  and  split 
sleeve  are  inserted  in  the  hole.  The  mandrel  is  pulled  through 
the  sleeve,  which  then  is  removed  from  the  hole.  The  hole  is 
finally  reamed  and  is  ready  for  fastener  installation.  The  split- 
sleeve  cold-working  process  specifications  are  controlled  by  an 
Industrial  Wire  and  Metal  Forming,  Inc.,  document  (Reference  10). 

A  mandrel  for  cold-working  nominal  1/4-inch-diameter  holes 
was  not  available;  therefore,  a  mandrel  for  cold-working  second 
oversize,  1/4- inch  diameter  holes  (Mandrel  No.  1WCMB-9-0-N-1)  was 
used.  The  corresponding  sleeve  number  was  CBS-9-0-N-12-S . 

All  specimens  were  cyclic  tested  according  to  the  F-16  wing 
root  fighter  spectrum.  A  maximum  stress  of  34  ksi  was  used. 
Specimens  were  cycled  for  two  lifetimes  before  the  crack  depths 
and  crack  lengths  of  the  largest  fatigue  cracks  were  measured. 
Table  7-1. 


Original  starting  holes  were  drilled  with  diameters  ranging 
from  0.2655  inch  to  0.2710  inch.  All  diameters  measured  after 
cold-working  and  before  final  reaming  were  0.274  inches.  From 
these  readings,  values  of  permanent  deformation  in  the  diameter 
of  the  specimen  were  measured  and  plotted  as  a  function  of  crack 
size  after  two  lifetimes.  These  results  are  shown  in  Figures  7-1 
and  7-2.  No  significant  decrease  in  crack  size  was  observed  for 
specimens  that  had  received  the  smaller  percentage  of  permanent 
deformation. 

X-ray  diffraction  techniques  were  used  to  measure  tangential 
residual  stress  around  two  of  the  cold-worked  holes.  Prior  to 
cold-working,  the  plate  surfaces  on  these  specimens  were  polished 
such  that  no  residual  stresses  were  present  prior  to  the  cold¬ 
working  process.  Results  of  the  residual  stress  measurements  are 
shown  in  Table  7-2.  Measurements  were  made  adjacent  to  the  hole  on 
both  the  tool  entry  and  exit  sides  at  the  critical  orientations 
(3:00  and  9:00).  Results  indicate  significantly  higher  compressive 
residual  stress  on  the  exit  side  compared  to  the  entry  side. 
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SPECIMEN  FINAL  CRACK  FINAL  CRACK  PERMANENT  DEFORMATION  ORIENTATION  OF 
NUMBER  DEPTH  (IN.)  LENGTH  (IN.)  OF  DIAMETER  (IN.)  SPLIT  IN  SLEEVE 
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.021  Avg.  .082  Avg. 

Specimen  run  at  maximum  baseline  stress  of  38  ksi  instead  of  34  ksi 
Specimens  completed  6  lives 
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.002  .004  .006  .008  .010  .012 

PERMANENT  DEFORMATION  IN  DIAMETER  -  (Inches) 

Figure  7-1  Final  Crack  Length  versus  Permanent  Deformation  for  Cold-Worked  Holes 
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•002  .004  .006  .008  .010  .012 

PERMANENT  DEFORMATION  IN  DIAMETER  -  (Inches) 

Figure  7-2  Final  Crack  Depth  versus  Permanent  Deformation  for  Cold-Worked  Holes 


Table  7-2  RESULTS  OF  RESIDUAL  STRESS  MEASUREMENTS 


HOLE 

NO. 

CW-6 

(After 

Cold-Working) 


CW-16 

(After 

Cold-Working) 


LOCATION  OF 
MEASUREMENT 

Entry,  0°  (9:00) 
Entry,  180  (3:00) 
Exit,  0°  (9:00) 
Exit,  180°  (3:00) 


MEASURED  RESIDUAL 
STRESS  (KSI) 

-12.8  (Compressive) 

-17.1 

-44.0 

-48.0 


Entry,  0°(9:00) 
Entry,  180°  (3:00) 
Exit,  0°  (9:00) 
Exit,  180°  (3:00) 


-25.6  (Compressive) 

-17.0 

-42.0 

-34.2 
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The  orientation  of  the  split  in  the  sleeve  was  documented 
(Table  7-1)  prior  to  cold-working  to  determine  if  the  location 
of  the  split  in  the  sleeve  at  a  critical  orientation  might  have 
an  effect  on  fatigue  life.  No  effect  of  orientation  of  the  sleeve 
was  observed. 

Fractographic  data  were  obtained  on  two  cold-worked  specimens. 
These  results  are  shown  in  Figure  7-3,  where  the  crack  depth  is 
plotted  as  a  function  of  cycling.  Crack  growth  was  observed  to 
be  slower  in  the  cold-worked  holes  as  compared  to  growth  in 
conventional  drilled  holes  after  cracks  had  grown  to  approximately 
0.030  inch  in  depth. 


7.2  TAPER-LOK  HOLES 

Thirty  7475-T7351  aluminum  no-load  transfer  specimens  were 
prepared  for  installation  of  tapered-bolt  interference-fit  fasteners. 
Standard-fit  taper-lok  bolts  were  used.  The  1/4-inch  taper-lok 
fastener  produces  an  interference  of  1  per  48  units  in  length. 


Cyclic-load  testing  of  all  specimens  was  conducted  using  the 
fighter  load  sequence.  In  hopes  of  initiating  fatigue  cracks  in 
all  of  the  specimens  during  two  lives,  a  higher  baseline  stress  of 
45  ksi  was  selected.  Even  at  this  higher  stress  level,  many  of 
the  holes  did  not  initiate  fatigue  cracks.  In  the  few  holes  that 
initiated  large  cracks,  the  primary  origin  was  on  the  specimen 
surface  near  the  countersink  and  not  in  the  bore  of  the  hole. 
Primary  crack  depths  after  two  lives  are  shown  in  Table  7-3. 
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CRACK  DEPTH  (Inches) 


Figure  7-3  Crack  Growth  as  a  Function  of  Fatigue  Cycling  in  No-Load  Transfer  Cold-Worked  Holes 
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Table  7-3  PRIMARY  CRACK  AFTER  TWO  LIVES  FOR  7475-T7351  Al  TAPER-LOK  NO-LOAD 
TRANSFER  SPECIMEN,  BASELINE  STRESS  =  45  ksi,  FIGHTER  SPECTRUM 


SPECIMEN 

FINAL  PRIMARY 

FINAL  PRIMARY 

NO. 

CRACK  DEPTH  (IN.)  CRACK  LENGTH  (IN.) 

COMMENTS 

TL-1 

TL-2 

- 

- 

TL-3 

.010 

.007 

TL-4 

.150 

.200 

primary  origin  lies 
on  specimen  surface 
near  countersink 

TL-5 

.011 

.094 

TL-6 

.321 

.254 

primary  origin  lies 
on  specimen  surface 
near  countersink 

TL-7 

Crack 

too 

small 

to  measure 

TL-8 

TL-9 

TL-10 

TL-11 

TL-12 

TL-13 

.363 

1  f 

tf 

I  f 

f  f 

I I 

.437 

primary  origin  lies 
on  specimen  surface 
near  countersink 

TL-14 

.033 

.143 

TL-15 

.037 

.023 

corner  crack 

TL-16 

Crack 

too 

small 

to  measure 

TL-1 7 

1  Y 

TL-18 

Y  Y 

TL-19 

TL-20 

.012 

Y  Y 

.074 

TL-21 

Crack 

too 

small 

to  measure 

TL-2  2 

Y  Y 

TL-23 

Y  Y 

TL-24 

TL-25 

.006 

Y  Y 

.075 

TL-26 

.020 

.082 

TL-27 

Crack 

too 

small 

to  measure 

TL-28 

.012 

.068 

TL-29 

.017 

.125 

TL-30 

Crack 

too 

small 

to  measure 
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SECTION  VIII 


CONCLUSIONS  AND  OBSERVATIONS 

This  program  has  investigated  and  developed  an  equivalent 
initial  flaw  size  (EIFS)  concept  to  quantitatively  evaluate  and 
compare  the  hole  quality  or  fatigue  performance  of  fastener  holes 
and  has  identified  and  made  improvements  on  several  manufacturing 
and  design  parameters  affecting  fastener  hole  quality.  The 
conclusions  and  observations  that  will  be  discussed  in  this  section 
are  based  solely  on  the  test  results  obtained  with  the  parameters 
selected  and  tested  by  this  program.  Some  of  these  same  conclusions 
have  been  reached  by  the  investigators  of  Reference  3  and  4,  but 
with  a  different  set  of  test  parameters  (i.e.,  material  type, 
fastener/hole  type,  load  spectrum,  etc.).  Although  about  half  of 
the  specimens  tested  in  this  program  were  conducted  with  the 
randomized  400-hour  wing-root-bending  load  spectrum  of  the  F-16  and 
the  other  half  were  tested  with  the  AMAVS  (B-l)  wing  pivot  bending 
moment  test  spectrum,  the  program  conclusions  should  be  applicable 
to  the  general  determination  of  fastener  hole  quality. 

In  reading  the  conclusions,  one  should  keep  in  mind  that  it 
was  not  the  intent  of  this  program  to  perform  a  systematic  study 
of  hole  roughness  and  other  geometric  details  as  a  function  of 
hole  quality.  Rather,  it  was  to  fabricate  the  test  specimens  using 
quality  based  on  the  distribution  of  production  quality.  However, 

54  out  of  613  specimens  were  fabricated  with  intentional 
deviation  from  standard  production  procedures  i.e.,  dull  drills, 
low  speed,  no  coolant,  etc.  to  produce  holes  that  might  not  pass 
production  inspection  requirements  and  to  compare  their  fatigue 
behavior  with  those  fabricated  by  following  standard  production 
procedures . 

Conclusions 


1.  Axial  scratches  are  the  key  cause  of  early  fatigue  failure  in 
no-load  transfer  fastener  holes.  These  scratches  were  intro¬ 
duced  by  not  maintaining  drill  bit  rotation  during  retraction 
from  the  hole.  Hole  roughness  as  caused  by  rifling  marks, 
gouges,  drill  tool  chatter  marks,  etc.,  did  not  appear  to  degrade 
hole  quality. 

2.  Hole  diameters  that  were  0.002  inch  out  of  tolerance  did  not 
appear  to  effect  hole  quality  for  the  no-load  transfer  case. 
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3.  Drilled  and  reamed  holes  are  about  equivalent,  if  not  slightly 
worse,  in  fatigue  behavior  than  drilled  holes  in  the  no-load- 
transfer  case,  with  axial  scratches  caused  by  the  reamer  not 
rotating  fast  enough  in  relation  to  the  rate  of  retraction 
from  the  fastener  hole  being  the  major  contributor  to  early 
fastener  hole  failure. 

4.  Holes  drilled  by  not  using  standard  production  procedures 
behaved  only  slightly  worse  than  properly  drilled  holes  in 
fatigue  performance  in  the  no-load  transfer  case. 

5.  Fastener  hole  quality  in  the  low-load  transfer  case  is  much 
more  difficult  to  determine,  with  several  potential  competing 
factors  that  could  cause  early  fatigue  failure.  Localized 
yielding  and/or  fretting  at  the  interfaces  around  the  holes 
appeared  to  be  the  dominant  factor  in  crack  initiation  and 
corner-crack  growth  leading  to  early  fatigue  failure.  Mismatch 
is  caused  by  the  non-concentricity  of  the  two  holes  appeared 
to  be  the  second  dominant  factor  that  lead  to  early  failure. 

The  axial  scratch,  as  in  the  no-load  transfer  case,  is  again 

a  contributing  factor  that  could  lead  to  early  fatigue 
failure.  These  conclusions  are  based  on  all  the  fastener-hole 
diameters  within  tolerance,  namely,  0.250  +  0.003  inch  for 
drilled  holes  and  0.250  +  0.0007  inch  for  drilled  and  reamed 
holes . 

6.  Burrs  did  not  appear  to  affect  the  fatigue  behavior  of  fastener 
holes,  since  no  cracks  were  found  to  be  initiated  from  burrs. 
With  the  exception  of  the  first  few  specimens  in  the  no-load 
transfer  specimens,  none  of  the  holes  were  deburred. 


7.  Six  state-of-the-art  laboratory  NDE  techniques:  eddy  current, 
linear  prof ilometer ,  rotary  prof ilome ter ,  dial  bore  gage, 
ultrasonics,  and  rubber  cast,  were  evaluated,  and  little,  if 
any,  correlation  has  been  found  between  inspection  results  and 
fatigue  behavior  of  fastener  holes. 

8.  A  concept  has  been  developed  to  ascertain  EIFS  that  can  be  used 
with  good  accuracy  to  predict  flaw  size  for  some  service  time. 
The  proof  of  the  concept  is  in  having  the  EIFS  distribution 
(EIFSD)  paralleling  the  flaw  size  distribution  as  determined  by 
fractography .  Using  this  concept,  EIFSD  has  been  obtained  for 
the  conditions  shown  in  Table  3-1.  However,  the  EIFS  data  for 
the  cold-worked,  taper- lok,  and  AF1410  steel  holes  still  should 
be  taken  with  a  "grain  of  salt".  In  the  case  of  cold-worked 
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and  taper- lok  holes,  there  was  little,  if  any,  crack  growth 
to  ascertain  EIFS  data.  In  the  case  of  steel,  a  combination 
of  small  specimen  size  and  high  stress  levels  make  it  diffi¬ 
cult  to  obtain  a  good  analytical  fit  for  EIFS  determination. 


Program  Payoffs 

a.  A  Winslow  Spacematic  automatic  drill  was  modified  to  maintain 
rotation  during  retraction  to  eliminate  the  introduction 
of  axial  scratches.  The  gain  in  fatigue  behavior  is  sum¬ 
marized  in  Figure  8-1,  where  the  data  obtained  with  the 
improved  drilling  showed  an  approximately  407>  improvement 
over  those  of  the  conventional  Winslow  drilling.  General 
Dynamics,  Fort  Worth  Division  has  ordered  170  modification 
kits  for  old  Winslow  drills  and  new  drills  with  the  modi¬ 
fications  for  the  F-16  production  program.  The  Lockheed- 
Georgia  Company,  Marietta,  Georgia  and  the  AVCO  Corp . , 
Nashville,  Tennessee,  have  modified  their  drills  to  elimi¬ 
nate  axial  scratches  in  fastener  holes  for  the  USAF  CjA-H  Mod. 
program.  The  Fairchild  Republic  Corporation,  Farmingdale, 

New  York,  has  modified  their  drills  on  the  USAF  A- 10  pro¬ 
duction  line  to  eliminate  the  axial  scratches. 


b.  Improved  assembly  procedures  were  evaluated  to  eliminate  or 
minimize  mismatch  and  localized  yielding  to  obtain  improved 
fatigue  behavior.  By  combining  improved  drilling  and  assembly, 
an  approximately  100%  improvement  in  the  fatigue  behavior 

was  realized  over  the  conventional  case ,  as  can  be  seen  in 
Figure  8-2.  The  assembly  improvements  were  made  by  either 
i)  spot-facing  0.5  inch  diameter  by  about  0.005  inch  deep 
or  ii)  maintaining  the  sealant  thickness  between  the  two 
plates  greater  than  0.012  inch. 

c.  Deburring  requirements  for  the  F-16  production  program  have 
been  relaxed  to  eliminate  the  need  for  deburring  of  inter¬ 
face  burrs  and  to  remove  the  existing  burrs  with  a  flat 
plate  rather  than  a  conventional  deburring  tool,  which 
could  introduce  notches  for  crack  initiation  sites. 

d.  The  implementation  of  elimination  of  mismatch  for  the 
F-16  production  program  is  pending  successful  demonstration 
on  a  F-16  rear- fuselage  component,  where  the  destacking 
operation  after  the  drilling  operation  will  be  eliminated. 
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CRACK  DEPTH  (MILS) 


Figure  8-1  Ninety-Percentile  Crack  Growth  Behavior  for  Conventionally  Drilled  and  Reamed,  Conventionally 
Drilled  and  Improved  Drilling  of  Fastener  Holes 
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CRACK  DEPTH  (MILS) 


Figure  8-2  Ninety-Percentile  Crack  Growth  Behavior  for  Conventional  Drilling  and  Assembly  and 
Improved  Drilling  and  Assembly 
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SECTION  IX 


RECOMMENDATIONS 


Based  on  the  results  and  general  outcome  of  this  program, 
the  following  recommendations  are  made  to:  1)  further  develop 
the  EIFS  concept  as  a  routine,  design  methodology,  2)  evaluate 
new  manufacturing  and  design  concepts  for  fastener  hole  quality 
improvement,  and  3)  demonstrate  the  improved  drilling  and  assembly 
procedures  on  aircraft  structural  components  for  improved  dura¬ 
bility  and  manufacturing  cost  reduction. 

1.  Conduct  tests  using  counter- sunk  and  other  commonly  used 
aircraft  fasteners  for  EIFS  and  fastener  hole  quality 
determination . 

2.  Conduct  tests  using  specimens  simulating  fuselage  construction 
which  are  drilled  with  hand-held  drills  for  the  determination 
of  EIFS  and  fastener  hole  quality. 

3.  Determine  the  effects  of  manufacturing  and  design  variables, 
i.e.,  stress  level,  load  transfer,  load  spectrum,  etc.  on 
EIFS  so  it  can  be  reduced  to  a  generic  dependence  on  material 
properties . 

4.  Conduct  more  tests  with  titanium  and  high  strength  steel  to 
enlarge  the  EIFS  data  base  and  prove  the  EIFS  concept  on 
these  aircraft  structural  alloys. 

5.  Conduct  tests  to  determine  the  effects  of  simulated  service 
environments  on  EIFS  and  fastener  hole  quality. 

6.  Conduct  component  demonstrations  using  the  improved  drilling 
and  assembly  procedures  that  were  evaluated  in  this  program 

in  conjunction  with  some  improved  design  concept  for  structural 
durability  improvement. 


130 


APPENDIX  A 


NDE  TECHNIQUES 


All  eddy  current  measurements  in  Task  I  were  made  with  an 
automated  eddy  current  inspection  unit,  Figure  A-l  This  unit 
consists  of  a  Magnaflux  ED-520  eddy  current  tester,  a  Gulton 
TR-711  high-speed  recorder,  and  a  variable  drivespeed  mini¬ 
scanner  head.  This  inspection  system  was  computer  automated  by 
the  addition  of  a  Hewlett-Packard  HP5610A  analog- to-digital 
converter,  an  HP2100  digital  computer,  and  a  HP7210  digital  plotter. 

The  addition  of  the  HP5610A  analog- to-digital  converter, 
which  samples  the  Magnaflux  ED- 520  output,  makes  it  possible  to 
digitize  eddy  current  signatures  and  store  them  in  the  memory  of 
an  HP2100  digital  computer.  The  wave  form  is  typically  sampled  by 
up  to  5000  digitized  values,  R(n) ,  as  the  eddy  current  probe  rotates 
its  way  through  the  fastener  hole.  The  sampling  time  can  be  varied 
from  1  second  to  several  minutes  by  a  time-wasting  calculation 
programmed  into  the  computer  software.  Once  digitized  in  the 
computer,  the  eddy  current  traces  may  be  signal  processed  and 
displayed  on  an  HP7210  digital  plotter. 

Software  capabilities  of  this  system  consist  of  (1)  filtering 
analytically,  (2)  data  rectification,  (3)  data  read-in,  (4)  data 
storage  and  retrieval,  (5)  zero  read- in,  (6)  variable  read-in  times, 
(7)  scale  expansion,  (8)  computing  correlation  coefficients,  (9) 
plotting  out  signal  noise,  (10)  adjustable  gain,  (11)  computing 
means  and  standard  deviations,  and  (12)  Fourier  transforms.  Several 
capabilities  were  used  in  this  program. 

Eddy  current  probes  used  were  standard  1/4  inch  diameter 
fastener  hole  probes,  which  give  high  signal- to-noise  ratios. 

The  coil  diameter  of  these  probes  is  approximately  1/8  inch.  The 
probes  contained  axial  relief  slots,  which  were  filled  with  rubber 
to  give  a  fairly  tight  fit  in  the  holes  investigated.  This  has 
been  found  to  increase  the  signal- to-noise  ratio  at  the  expense  of 
greater  probe  wear . 

Typical  eddy  current  scans  of  holes  with  different  types  of 
defects  are  shown  in  Figure  A- 2.  Chamfers,  burrs,  scratches  and 
cracks  can  all  be  catalogued  according  to  their  different  eddy 
current  signatures.  The  probe  rotates  through  the  hole  at  a 
linear  rate  of  probe  travel,  which  is  approximately  .025  inch  per 
revolution. 
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Figure  A- 2  Automatic  Eddy  Current  Traces  of  Various  Flaw  Types 
in  Fastener  Holes 
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The  depth  of  the  surface  defects  are  related  to  the  eddy 
current  amplitude,  while  the  length  is  related  to  the  number  of 
peaks  (deflections)  observed.  Defect  orientation  in  the  hole 
can  be  determined  also  by  use  of  the  marker  on  the  strip  chart 
in  conjunction  with  the  orientation  of  a  known  defect  in  a  ref¬ 
erence  part.  Eddy  current  signatures  of  two  Winslow  (clearance 
fit)  properly  drilled  holes  along  with  the  orientation  in  the 
hole  are  shown  in  Figure  A- 3.  Each  marker  corresponds  to  the 
12:00  o'clock*  orientation,  and  each  mark  corresponds  to  one 
revolution  in  the  hole. 

A  computer  program  was  written  for  the  HP2100  computer 
that  calculated  the  (1)  maximums ,  (2)  minimums ,  (3)  means ,  and 

(4)  standard  deviation  of  the  eddy  current  signal  at  the 
critical  orientations  (2:00  to  4:00  and  8:00  to  10:00).  This 
information  was  displayed  in  the  form  of  a  table  (Table  A-l) 
and,  thus,  eddy  current  parameters  could  be  related  to  EIFS. 


Rotary  Proficorder 

A  Bendix  proficorder  with  a  rotary  piloter  was  used  to 
measure  a  total  surface  profile  around  the  bore  of  the  hole. 
Measurements  were  taken  midway  through  the  depth  of  the  hole. 

A  diamond  stylus  with  a  0.0005- inch  radius  was  used.  A  typi¬ 
cal  polar  plot  is  shown  with  scans  in  Figure  A-4,  with  scans 
originating  at  approximately  9:00  orientation.  Both  250  y 
inch/ division  and  1000  y  inch/division  ranges  were  used.  The 
total  surface  profile  obtained  includes  both  surface  roughness 
and  waviness.  The  orientation  and  dimensions  of  surface 
irregularities  can  be  determined  by  this  technique.  For  exam¬ 
ple,  scratches  are  denoted  by  outward  deflections  shown  in 
Figure  A-4.  The  depth,  width,  and  orientation  of  these  scrathes 
can  be  measured  from  a  typical  polar  plot.  On  the  other  hand, 
smears  are  denoted  as  inward  deflections.  Their  dimensions 
can  also  be  obtained  from  polar  plots. 


The  polar  plot  also  gives  a  measure  of  out-of-roundness  in 
the  specimen.  Shown  in  Figure  A-5  are  total  surface  profiles 
indicating  the  difference  in  out-of-roundness  between  two 
holes  drilled  and  reamed  by  the  Quackenbush  technique.  These 
out-of-roundness  readings  are  more  accurate  than  those  obtained 
with  a  dial  bore  gauge  but  are  much  more  time  consuming  to 
obtain . 

*  By  the  clock  designation  for  the  test  specimens,  9:00  and 
3:00  are  the  critical  orientations  or  the  location  of  maximum 
stress . 
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Table  A-l  EDDY  CURRENT  TABULATION  SHOWING  (1)  MAXIMUMS,  (2) 
MINIMUMS,  (3)  MEANS  AND  (4)  STD.  DEV.  OF  THE  EDDY 
CURRENT  SIGNAL  AT  THE  CRITICAL  ORIENTATIONS  (2:00  - 
4:00,  8:00  -  10:00) 


MIN. 

MAX. 

MEAN 

STAND. 

3  3 

?nS5\ 6 

.  ••  1  6  797 

-  .  765  6 

. 01 5707 

6  5 

1  94  53  1 

. 035547 

- . 749922 

.007072 

93 

.  "2  1  ’94 

.  /;  1  22 

•  8  2  6  564 

1  1  7 

.  j  3  1- 

.  1  9r  703 

-. 259J52 

. 1 96379 

1  44 

31 J1 56 

. 809375 

-  •  l  r:  2  1  27 

.0-36732 

163 

-.3511 72 

.  183  594 

-  .  i-5  7  5  J  6  b 

•  1  9  0  59  J 

1  94 

-.312109 

.014344 

.  £  J  2  3  6  5 

. J09034 

213 

-.207812 

. 083594 

-  .  J  5  2  6  4  8 

. 1 12973 

244 

-.01953  1 

-  .  5  J  0  7  '  ■>  1 

- . 2233 1 1 

.335438 

263 

- . 07304  7 

. 055359 

.  03  33C/1 

. 348999 

294 
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Figure  A-4  Scratches  at  Non-Critical  Orientations  in  a  Drilled  Hole 
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Figure  A-5  Polar  Plots  Showing  the  Difference  in  Out-of-Roundness 
Between  Two  Holes  Drilled  By  the  Quackenbush  Technique 
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APPENDIX  A 


NDE  TECHNIQUES 


All  eddy  current  measurements  in  Task  I  were  made  with  an 
automated  eddy  current  inspection  unit.  Figure  A-l  This  unit 
consists  of  a  Magnaflux  ED-520  eddy  current  tester,  a  Gulton 
TR-711  high-speed  recorder,  and  a  variable  drivespeed  mini¬ 
scanner  head.  This  inspection  system  was  computer  automated  by 
the  addition  of  a  Hewlett-Packard  HP5610A  analog- to-digital 
converter,  an  HP2100  digital  computer,  and  a  HP7210  digital  plotter. 

The  addition  of  the  HP5610A  analog- to-digital  converter, 
which  samples  the  Magnaflux  ED- 520  output,  makes  it  possible  to 
digitize  eddy  current  signatures  and  store  them  in  the  memory  of 
an  HP2100  digital  computer.  The  wave  form  is  typically  sampled  by 
up  to  5000  digitized  values,  R(n) ,  as  the  eddy  current  probe  rotates 
its  way  through  the  fastener  hole.  The  sampling  time  can  be  varied 
from  1  second  to  several  minutes  by  a  time-wasting  calculation 
programmed  into  the  computer  software.  Once  digitized  in  the 
computer,  the  eddy  current  traces  may  be  signal  processed  and 
displayed  on  an  HP7210  digital  plotter. 

Software  capabilities  of  this  system  consist  of  (1)  filtering 
analytically,  (2)  data  rectification,  (3)  data  read-in,  (4)  data 
storage  and  retrieval,  (5)  zero  read- in,  (6)  variable  read-in  times, 
(7)  scale  expansion,  (8)  computing  correlation  coefficients,  (9) 
plotting  out  signal  noise,  (10)  adjustable  gain,  (11)  computing 
means  and  standard  deviations,  and  (12)  Fourier  transforms.  Several 
capabilities  were  used  in  this  program. 

Eddy  current  probes  used  were  standard  1/4  inch  diameter 
fastener  hole  probes,  which  give  high  signal- to-noise  ratios. 

The  coil  diameter  of  these  probes  is  approximately  1/8  inch.  The 
probes  contained  axial  relief  slots,  which  were  filled  with  rubber 
to  give  a  fairly  tight  fit  in  the  holes  investigated.  This  has 
been  found  to  increase  the  signal- to-noise  ratio  at  the  expense  of 
greater  probe  wear. 

Typical  eddy  current  scans  of  holes  with  different  types  of 
defects  are  shown  in  Figure  A- 2.  Chamfers,  burrs,  scratches  and 
cracks  can  all  be  catalogued  according  to  their  different  eddy 
current  signatures.  The  probe  rotates  through  the  hole  at  a 
linear  rate  of  probe  travel,  which  is  approximately  .025  inch  per 
revolution. 
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Figure  A-2  Automatic  Eddy  Current  Traces  of  Various  Flaw  Types 
in  Fastener  Holes 
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The  depth  of  the  surface  defects  are  related  to  the  eddy 
current  amplitude,  while  the  length  is  related  to  the  number  of 
peaks  (deflections)  observed.  Defect  orientation  in  the  hole 
can  be  determined  also  by  use  of  the  marker  on  the  strip  chart 
in  conjunction  with  the  orientation  of  a  known  defect  in  a  ref¬ 
erence  part.  Eddy  current  signatures  of  two  Winslow  (clearance 
fit)  properly  drilled  holes  along  with  the  orientation  in  the 
hole  are  shown  in  Figure  A- 3.  Each  marker  corresponds  to  the 
12:00  o'clock*  orientation,  and  each  mark  corresponds  to  one 
revolution  in  the  hole. 

A  computer  program  was  written  for  the  HP2100  computer 
that  calculated  the  (1)  maximums ,  (2)  minimums ,  (3)  means,  and 

(4)  standard  deviation  of  the  eddy  current  signal  at  the 
critical  orientations  (2:00  to  4:00  and  8:00  to  10:00).  This 
information  was  displayed  in  the  form  of  a  table  (Table  A-l) 
and,  thus,  eddy  current  parameters  could  be  related  to  EIFS. 


Rotary  Proficorder 

A  Bendix  proficorder  with  a  rotary  piloter  was  used  to 
measure  a  total  surface  profile  around  the  bore  of  the  hole. 
Measurements  were  taken  midway  through  the  depth  of  the  hole . 

A  diamond  stylus  with  a  0.0005-inch  radius  was  used.  A  typi¬ 
cal  polar  plot  is  shown  with  scans  in  Figure  A-4,  with  scans 
originating  at  approximately  9:00  orientation.  Both  250  y 
inch/ divis ion  and  1000  y  inch/division  ranges  were  used.  The 
total  surface  profile  obtained  includes  both  surface  roughness 
and  waviness .  The  orientation  and  dimensions  of  surface 
irregularities  can  be  determined  by  this  technique.  For  exam¬ 
ple,  scratches  are  denoted  by  outward  deflections  shown  in 
Figure  A-4.  The  depth,  width,  and  orientation  of  these  scrathes 
can  be  measured  from  a  typical  polar  plot.  On  the  other  hand, 
smears  are  denoted  as  inward  deflections.  Their  dimensions 
can  also  be  obtained  from  polar  plots. 

The  polar  plot  also  gives  a  measure  of  out-of-roundness  in 
the  specimen.  Shown  in  Figure  A-5  are  total  surface  profiles 
indicating  the  difference  in  out-of-roundness  between  two 
holes  drilled  and  reamed  by  the  Quackenbush  technique.  These 
out-of-roundness  readings  are  more  accurate  than  those  obtained 
with  a  dial  bore  gauge  but  are  much  more  time  consuming  to 
obtain. 

*  By  the  clock  designation  for  the  test  specimens,  9:00  and 
3:00  are  the  critical  orientations  or  the  location  of  maximum 
stress . 
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Table  A-l  EDDY  CURRENT  TABULATION  SHOWING  (1)  MAXIMUMS,  (2) 
MINIMUMS,  (3)  MEANS  AND  (4)  STD.  DEV.  OF  THE  EDDY 
CURRENT  SIGNAL  AT  THE  CRITICAL  ORIENTATIONS  (2:00  - 
4:00,  8:00  -  10:00) 
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Figure  A-4  Scratches  at  Non-Critical  Orientations  in  a  Drilled  Hole 
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Figure  A-5  Polar  Plots  Showing  the  Difference  in  Out -of -Roundness 
Between  Two  Holes  Drilled  By  the  Quackenbush  Technique 
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Linear  Proficorder  (Task  I) 


A  Bendix  proficorder  with  a  linear  piloter  was  used  in 
Task  I.  The  diamond  stylus  used  had  a  radius  of  .0005  inch. 
Scans  were  made  along  the  surface  of  the  bore  of  the  hole 
parallel  to  the  thickness.  A  typical  scan  is  shown  in  Figure 
A-6.  Most  of  the  scans  were  taken  at  the  3:00  orientation.  A 
total  surface  profile,  which  includes  both  surface  roughness 
and  waviness,  was  obtained.  A  vertical  scale  of  250  y  inches/ 
division  while  a  horizontal  scale  of  .010  inch/division  was 
used. 

A  scratch  shows  as  a  downward  deflection  on  the  linear  profi¬ 
corder  trace,  while  a  smear  is  represented  by  an  upward  deflec¬ 
tion.  A  small  scratch  is  shown  in  Figure  A-6.  From  these 
scans,  the  depth  and  width  of  the  surface  irregularity  can  be 
determined. 


Dial  Bore  Gauge  (Task  II) 

A  dial  bore  gauge  (Boice,  Model  No.  1)  was  used  to  measure 
the  diameter  of  the  fastener  holes  at  four  different  orienta¬ 
tions,  Figure  A- 7,  and,  thus,  give  a  relative  measure  of  out- 
of-roundness  (00R) .  Measurements  were  taken  at  three  diffe¬ 
rent  depth,  A,  B,  and  C,  in  the  hole,  Figure  A- 7.  From  these 
readings,  the  average  out-of-roundness  was  obtained. 


(00R) 

average 


(OOR)a  +  (OOR)r  +  (00R)  r 

3 


(1) 


From  dial  bore  gauge  measurements ,  the  degree  of  hole  taper¬ 
ing  can  also  be  determined.  This  value  is  obtained  by  subtract¬ 
ing  the  average  diameter  at  Position  C  from  the  average  dia¬ 
meter  at  Position  A.  This  can  be  written  as 


Hole  Tapering  =  (Adia.)A_c  =  (dia.)A  -  (dia.>c  (2) 

A  parameter  was  defined  to  include  both  the  effects  of  out- 
of-roundness  and  hole  tapering.  This  parameter  is  called  the 
dimensional  tolerance  parameter,  written  as 

Dimensional  Tolerance  Parameter  =  (00R)  +  (Adia.)  (3) 

3.V6  • 

This  composite  dimensional  tolerance  parameter  was  used  for 
correlation  to  the  EIFS  of  the  fastener  holes. 
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Figure  A-6  Linear  Proficorder  Scans  Showing  Surface  Irregularities 
for  Holes  Drilled  with  the  Winslow  Technique 
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Figure  A-7  Dial  Bore  Gauge  Inspection  Scheme 


Ultrasonics 


An  ultrasonic  system  was  developed  by  General  Dynamics 
for  the  scanning  and  detection  of  cracks  under  installed 
fasteners  for  the  F-lll  (Reference  11).  This  system  is  very 
similar  to  the  Boeing  rotor  scanner  for  detection  of  cracks 
under  installed  fasteners,  except  that  a  digital  computer, 

HP2100A,  has  been  integrated  with  the  system  for  the  control  of 
the  scanner  and  to  digitize,  analyze,  and  store  the  received 
ultrasonic  signal.  As  with  eddy  current  waveforms,  discussed 
previously,  ultrasonic  waveforms  can  be  digitized  with  the 
computer,  rectified,  filtered,  and  then  processed  to  remove 
symmetrical  signals  from  nonsymmetrical  signals  for  potential 
EIFS  correlation.  Unlike  the  application  for  detection  of  cracks 
under  installed  fasteners,  where  a  mode- converted  shear  wave  is 
propagated  tangent  to  the  edge  of  the  hole,  the  present  application 
calls  for  the  propagation  of  a  mode-converted  shear  wave  toward 
the  hole  as  shown  in  Figure  A- 8.  The  ultrasonic  shear  wave 
transducer  was  attached  to  a  teflon  rod  that  could  be  inserted 
into  the  hole  to  form  a  tight  fit.  The  transducer  is  driven  by 
a  digital  stepping  motor  in  the  manner  shown  in  Figure  A-8.  The 
received  ultrasonic  signal  is  digitized  and  recorded  every  five 
degrees . 

A  typical  reflected  waveform  from  a  specimen  containing  a 
0.050  inch  deep  saw-cut  at  the  top  corner  at  6:00  orientation 
is  shown  in  Figure  A-9.  This  specimen  was  used  as  a  standard 
before  scanning  any  of  the  Task  I  specimens .  Oscilloscope  settings 
were  made  such  that  seperate  reflected  waveforms  were  obtained  from 
the  top,  middle,  and  bottom  of  the  specimen. 

In  a  manner  similar  to  the  data  analysis  of  eddy  current  data, 
a  computer  program  was  written  for  the  HP2100  computer  that 
calculated  the  (1)  maximums ,  (2)  minimums ,  (3)  means,  and  (4) 

standard  deviation  of  the  ultrasonic  signal  at  the  critical 
orientations  (2:00  -  4:00,8:00  -  10:00  ).  This  information  was 
displayed  in  the  form  of  a  table,  Figure  A-9, 
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Figure  A-8  Ultrasonic  Inspection  Scheme 
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Figure  A-9  Total  Reflected  Ultrasonic  Waveform  Analysis 


APPENDIX  B 


EQUIVALENT  INITIAL  FLAW  SIZE  CONCEPT 


The  following  procedures,  to  determine  the  EIFS ,  will 
pertain  only  to  a  specific  test  condition.  Each  case  was 
generally  made  up  of  thirty-eight  specimens.  At  the  conclu¬ 
sion  of  fatigue  testing,  i.e.,  termination  by  time  or  speci¬ 
men  failure,  the  exact  load  sequence  was  known  and  stored  in 
the  computer,  which  monitored  and  controlled  the  test.  All 
fatigue  cracks  were  exposed,  if  that  specimen  had  not  failed 
during  testing,  by  a  single  tensile  overload.  Fractography  was 
performed  on  each  crack  from  the  crack  length  at  the  time  of 
failure,  specified  by  the  computer,  to  crack  depths  generally 
0.001  inch  or  less.  Each  fatigue  crack  was  thus  accompanied 
by  its  own  particular  crack  growth  curve. 

The  fastest-growing  crack  from  a  given  test  condition  was 
then  matched  with  analytical  data,  as  closely  and  as  conserva¬ 
tively  as  possible.  This  procedure  is  shown  in  Figure  B-l. 

The  crack  growth  analysis  variables  used  to  grow  the  analytical 
curves  are  listed  in  Table  2-1.  Once  the  "master"  analytical 
curve  was  generated  for  a  specific  test  condition,  i.e. ,  load 
transfer,  stress  level,  etc.,  it  was  regressed  to  extremely 
small  crack  sizes  ("0.00005  inch). 

For  an  illustration  of  the  generation  of  a  "master"  curve 
from  the  analytical  curve,  first  consider  the  analytical  curve 
(Figure  B-2(a))  plotted  as  a  standard  crack  growth  curve  whose 
abscissa  is  dimensioned  from  time  zero  to  some  service  life  or 
number  of  test  blocks.  The  ordinate  crosses  the  abscissa  at 
time  zero  with  dimensions  of  crack  length.  To  transform  this 
analytical  curve,  the  abscissa  now  becomes  nondimens ional ,  Figure 
B- 2(b).  The  actual  fitting  of  the  master  curve  to  the  empirical 
curve  is  performed  by  sliding  the  master  curve  from  side-to- 
side  until  a  "best"  fit  is  achieved  over  the  specified  range  of 
crack  length,  generally  0.01  -  0.05  inch,  Figure  B-2(.c)  .  The 
fitting  of  a  crack  growth  curve  to  the  master  curve  or  tem¬ 
plate  is  shown  in  Figure  B-3.  Since  the  master  was  regressed 
to  very  small  crack  lengths  it  will  cross  the  ordinate  of  the 
empirical  crack  growth  curve.  The  crack  length  at  this  cross¬ 
ing  of  time  zero  for  the  empirical  crack  growth  curve  is  the 
EIFS  for  that  specific  specimen.  Basic  instructions  and 
assumptions  are  shown  in  Figure  B-4,  with  curve-fitting  guide¬ 
lines  listed  in  Figure  B-5. 
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Figure  3-1  Selection  of  a  "Master"  Analytical  Curve 
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Figure  B-2  The  Development  of  a  Master  Curve 
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Figure  B-3  Curve  Fitting  to  Obtain  the  EIFS  Using  a  Simple  Template 
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Figure  B-4  The  Solution  to  EIFS  Determination 
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Figure  B-5  Guidelines  for  Curve  Fitting 


As  pointed  out  in  Figure  B-5,  the  actual  physical  dimensions 
of  the  fatigue-crack  initiating  defect  should  be  ignored.  EIFS 
values  are  artificial  with  respect  to  any  actual  physical  defect 
found  within  the  fastener  hole.  The  EIFS  value  has  meaning  only 
with  respect  to  the  crack  growth  analyses  used  to  produce  the 
template,  or  when  compared  to  other  EIFS  values  produced  from 
testing  with  identical  conditions.  That  is,  the  EIFS  distribution 
for  a  clearance-fit  process  is  directly  comparable  to  that  of  a 
transition-fit  process  tested  with  the  same  spectra  stress  level, 
specimen  geometry,  etc. 
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